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ABSTRACT
Samples o f  bo th  n - ty p e  and p - ty p e  GalnAsP, grown l a t t i c e  matched 
on s e m i - in s u l a t i n g  Fe doped (100) InP s u b s t r a t e s ,  w ith  c a r r i e r  
c o n c e n t r a t i o n s in  th e  low 1 0 1 6 cm- 3 , have been a n a ly se d  to  de te rm ine  
t h e i r  t r a n s p o r t  p r o p e r t i e s .
The magnitude o f  th e  e l e c t r o n  m o b i l i ty ,  (Pe ) ,  a t  room te m p era tu re  
d ec re ase d  from abou t 4,000cm2 V“ 1s " 1a t  y = 0 p a s s in g  th ro u g h  a sha llow  
minimum n e a r  y = 0 .3 .  From y = 0 .3  to  y = 1 \i q ro s e  s t e e p l y  r e a c h in g  
l l ,0 0 0 c m 2V 1s " 1a t  th e  t e r n a r y  boundary . The te m p e ra tu re  v a r i a t i o n  o f  
Pe showed th e  p re se n c e  o f  a l l o y  o r  space charge  s c a t t e r i n g ,  which was 
maximum n e a r  th e  c e n t r e  o f  th e  a l l o y  ra n g e .  S im i la r  r e s u l t s  were 
o b ta in e d  in  p - ty p e  m a te r ia l  where th e  h o le  m o b i l i ty ,  (y^), v a r i e d  from 
140cm2V“ 1s " 1in  InP, p assed  th rough  a minimum o f  abou t 70cm2V-1 s _1 a t  
y = 0 .5  and then  in c re a s e d  s w i f t l y  towards the  t e r n a r y  boundary a t  
y = 1. The te m p era tu re  dependence o f  y^ ag a in  showed th e  p re se n c e  
o f  a l l o y  o r  s p a c e -c h a rg e  s c a t t e r i n g .
In  o r d e r  to  d i s t i n g u i s h  between th e se  two mechanism th e  p r e s s u r e
dE0
c o e f f i c i e n t  o f  th e  d i r e c t  b and -gap ,^p—, was f i r s t  m easured as a f u n c t io n
dE
o f  y by o b se rv in g  th e  movement o f  th e  p h o to -c o n d u c tiv e  edge. From jpQ-
dm*
th e  p r e s s u r e  v a r i a t i o n  o f  th e  e l e c t r o n  e f f e c t i v e  mass, was
c a l c u l a t e d .  By m easuring  th e  change in  e l e c t r o n  m o b i l i ty  w ith  p r e s s u r e ,  
about 20% to  15 k - b a r  f o r  samples w ith  y = 0 .5 ,  i t  was p o s s i b l e  to  e s t a b l i s h  
t h a t  a l l o y  s c a t t e r i n g  r a t h e r  than  space charge  s c a t t e r i n g  was o c c u r in g .  
S im i la r  measurements were made on p - ty p e  m a te r ia l  where yp was observed  
to  d e c re a se  by about 5% in  15 k - b a r .  This  was an a ly se d  in  d e t a i l  and 
a g a in  confirm ed th e  p re se n c e  o f  a l lo y  s c a t t e r i n g .
From th e se  r e s u l t s  i t  has been p o s s i b l e  to  e s t a b l i s h  th e  co m p o si t io n  
dependence o f  th e  a l l o y  s c a t t e r i n g  p o t e n t i a l  f o r  e l e c t r o n s  and h o le s  
hence a f u l l  range o f  curves  have been g e n e ra te d  to  p r e d i c t  th e  v a r i a t i o n
o f  yg and y^ w ith  tem pera tu re ,  p r e s s u r e  and c a r r i e r  c o n c e n t r a t i o n .
Measurements were a l so  made a t  h igh  e l e c t r i c  f i e l d s  in  o rd e r  to  
d e te rm ine  th e  e f f e c t  o f  a l l o y  s c a t t e r i n g  on the  te m p era tu re  dependence 
o f  th e  peak v e l o c i t y ,  V . ‘
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CHAPTER 1 
INTRODUCTION
S tu d ie s  o f  th e  t r a n s p o r t  p r o p e r t i e s  o f  a l lo y s  o f  th e  sem i-
( 1 - 5 )
conduc to rs  Germanium and S i l i c o n v , in  th e  m iddle to  l a t e  n in e te e n -  
f i f t i e s ,  showed an a p p re c ia b le  c o n t r i b u t i o n  o f  d i s o r d e r  o r  a l l o y  
s c a t t e r i n g  to  th e  m o b i l i ty .  T ernary  a l l o y s  o f  I I I - V  compounds, however, 
d id  n o t  show such a marked d e p re s s io n  i n  th e  com position  dependence o f
(4V
m o b i l i ty  a l th o u g h  some a u th o rs  i n t e r p r e t e d  th e  d a ta  i n  term s o f  a l l o y  
s c a t t e r i n g .
A f te r  t h i s  i n i t i a l  p e r io d  o f  i n t e r e s t  in  th e  low f i e l d  t r a n s p o r t  
p r o p e r t i e s  o f  a l l o y s ,  few p eo p le  c a r r i e d  on t h e i r  i n v e s t i g a t i o n  a l th o u g h  
th e r e  was a p e r io d  o f  i n t e r e s t ^  ^  a f t e r  t h e —I I I —V -o p to -e le c t- ro n ic  
m a te r i a l  GaAlAs had been developed  f o r  h e t r o j u n c t i o n  l a s e r s .  Not u n t i l  
th e  r e c e n t  development o f  th e  q u a te rn a ry  a l l o y  GalnAsP grown l a t t i c e  
matched to  InP has th e r e  ag a in  been c o n s id e ra b le  i n t e r e s t  in  low and 
h igh  f i e l d  t r a n s p o r t  p r o p e r t i e s  o f  a l l o y s .
The work to  be r e p o r te d  i n  t h i s  t h e s i s  has in v o lv e d  th e  use  o f  low 
te m p era tu re  ap p a ra tu s  and h y d r o s t a t i c  p r e s s u r e  equipment a t  S tan d a rd  
Telecommunication L a b o r a to r ie s .  A f te r  a rev iew  o f  band s t r u c t u r e  and 
the  s c a t t e r i n g  mechanisms in  I I I - V  compounds in  C hap ters  2 and 3, th e  
com position  and p re s s u re  dependence o f  m a te r i a l  p a ra m e te rs  w i l l  be 
d i s c u s s e d  in  C hap ter  4. Follow ing a d e s c r ip t io n  o f  th e  a p p a ra tu s  in  
C hapter  5 ,  C hapters  6 , 7 and 8  w i l l  g ive  an acc o u n t o f  th e  te m p e ra tu re ,  
p r e s s u r e  and com position  dependence o f  th e  a l l o y  and d i s c u s s  t h e i r  
in f e r e n c e .  C hap te r  9 g iv e s  a b r i e f  rev iew  o f  th e  h igh  f i e l d  p r o p e r t i e s  
o f  I I I - V  compounds to g e th e r  w ith  th e  com position  and te m p e ra tu re
dependence o f  th e  peak v e l o c i t y  and th r e s h o ld  f i e l d  o v e r  most o f  
th e  com position  ran g e .  F in a l ly  th e  g e n e ra l  im p l i c a t io n  o f  th e  r e s u l t s  
i s  d is c u s s e d  in  C hapter 10.
- 3 -
CHAPTER 2
BAND STRUCTURE CHARACTISTIC •
2 .1 .  I n t r o d u c t io n
A ll  I I I - V  b in a ry  compounds c r y s t a l l i z e  i n t o  th e  z in c -b le n d e  
s t r u c t u r e  i n  which an atom o f  one k in d  i s  su rrounded  by f o u r  e q u i ­
d i s t a n t  n e a r e s t  ne ighbours  which occupy th e  apexes o f  a t e t r a h e d r o n ,  
the  atom o f  th e  f i r s t  k ind  b e in g  a t  th e  c e n t r e .  The c r y s t a l  s t r u c t u r e  
formed c o n s i s t s ,  t h e r e f o r e ,  o f  two i n t e r p e n e t r a t i n g  f a c e - c e n t r e d  
cu b ic  l a t t i c e s ,  each cu b ic  l a t t i c e  b e in g  formed by atoms o f  th e  same 
k in d ,  as shown in  F ig .  2 .1 .
The B r i l l o u i n  zone a s s o c i a t e d  w ith  t h i s  s t r u c t u r e  i s  r e p r e s e n t e d  
by a t r u n c a te d  o c ta h e d ro n ,  which i s  shown in  F ig . 2 .2 ,  hav ing  fo u r te e n  
p la n e  f a c e s ,  s i x  square  and e i g h t  h exagona l .  The p r i n c i p a l  p o in t s  o f  
symmetry a re  a l s o  shown, th e  Y p o i n t  a t  th e  zone c e n t r e ,  th e  L p o i n t  
where th e  (111) axes meets th e  zone boundary and th e  X -p o in ts  a t  th e  
zone boundary a long  th e  ( 1 0 0 ) d i r e c t i o n .
2 .2 .  Band S t r u c t u r e  o f  I I I - V  Compounds
The band s t r u c t u r e  o f  I I I -V  compounds i s  s i m i l a r  to  th o se  o f  
group IV sem iconducto rs  though th e re  a r e  some d i f f e r e n c e s  due to  la c k  
o f  in v e r s io n  symmetry. F ig . 2 .3  shows a t y p i c a l  band s t r u c t u r e  d iagram  
along  th e  (111) and (100) d i r e c t i o n s .  The conduc tion  band has  t h r e e  
ty p e s  o f  minima, a t  th e  zone c e n t r e  (T p o i n t ) ,  a long  th e  (1 0 0 ) 
d i r e c t i o n  and th e  ( 1 1 1 ) d i r e c t i o n  t h a t  a r e  u s u a l ly  a t  th e  symmetry p o in t s  
X and L r e s p e c t i v e l y .  I t  shou ld  be n o te d  t h a t  symmetry a lo n e  does n o t  
de te rm ine  which o f  th e se  minima i s  th e  lo w es t  one forming th e  bottom  o f  
th e  conduc tion  band.
I l l  Q V
Zincblende structure.
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Figure 2.2 Briltouin zone for the face- 
centred-cubic lattice.
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25”
The v a le n c e  band has a more com p lica ted  s t r u c t u r e  hav ing  a 
maximum a t  t h e T - p o i n t  t h a t  i s  d e g e n e ra te .  The maximum c o n s i s t s  o f  
two app ro x im ate ly  p a r a b o l i c  bands hav ing  v e ry  d i f f e r e n t  c u r v a tu r e ,  th e  
heavy ho le  band and l i g h t  h o le  band.
The e f f e c t i v e  mass o f  e l e c t r o n s  in  th e  co nduc tion  band a t  th e  
T -p o in t  i s  ap p ro x im ate ly  p r o p o r t i o n a l  to  th e  energy  gap between th e  
v a len ce  and conduc tion  band. The l i g h t  hole  band can be c o n s id e re d ,  to  
a f i r s t  app ro x im atio n ,  as  a r e f l e c t i o n  o f  th e  conduc t ion  band and, t h e r e f o r e ,  
th e  e f f e c t i v e  mass o f  l i g h t  h o le s  i s  ve ry  s i m i l a r  to  t h a t  o f  e l e c t r o n s .
Heavy h o l e s ,  however, have a much l a r g e r  e f f e c t i v e  mass; ap p ro x im a te ly  
te n  tim es g r e a t e r  than  th e  e f f e c t i v e  mass o f  an e l e c t r o n .  Because o f  th e  
much l a r g e r  e f f e c t i v e  mass and henCe d e n s i t y  s t a t e s  (Ny « Wj*3'/2 ) th e  
t r a n s p o r t  p r o p e r t i e s  o f  h o le s  a r e  dominated by th e  heavy hole band, as 
w i l l  be e x p la in e d  in  more d e t a i l  in  S e c t io n  3 .7 ,  One would ex p e c t  th e  
t r a n s p o r t  to  be dominated by l i g h t  h o le s .
2 .3 .  Band S t r u c t u r e  o f  th e  Q ua te rna ry  A lloy
2 . 3 .1 .  I n t r o d u c t io n
There has been c o n s id e ra b le  e f f o r t  in  th e  l a s t  few y e a r s  to  p roduce
sem iconductor, l a s e r s  t h a t  em it in  th e  w aveleng th  r e g io n  between
1 . 2  -  1 . 6 ym because  o p t i c a l  f i b r e s  have th e  low es t lo s s  and o p t i c a l  
m
^ d i s p e r s io n  in  t h i s  r a n g e .  The v a r i a t i o n  o f  a t t e n u a t i o n  f o r  a m u l t i  
mode f i b r e  w ith  a doped s i l i c a  core  and a b o r o n - s i l i c a t e  c l a d d in g ,  which 
w i l l  be used f o r  o p t i c a l  l i n k s  (and i s  v e ry  c lo s e  to  th e  fundam ental 
l i m i t )  i s  shown in  F ig .  2 .4 .
To produce l a s e r  r a d i a t i o n  w ith  a w avelength  o f '1 .3 y m , n o te  t h a t  
th e  co n v ers io n  between photon  energy  E and w avelength  X i s ,
E(eV) * 1 . 2 4 / A(ym) 2 .1
one needs to  produce a p -n  ju n c t io n  w ith  a band gap Eq -  0.95eV. S in ce
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t h e r e  i s  no b in a ry  sem iconducto r  w ith  a d i r e c t  band gap o f  0.95eV, 
a l l o y s  a re  used  to  form compound sem iconducto rs  w ith  th e  r e q u i r e d  band 
gap. F ig .  2 .5  shows th e  d i r e c t  band gap (EQ) as a fu n c t io n  o f  l a t t i c e  
c o n s ta n t  (a) f o r  t e r n a r y  compounds made from th e  fo u r  b in a ry  sem iconducto rs  
InAs, InP , GaAs and GaP. As can be seen  from th e  d iagram , th e  t e r n a r y  
compounds Ga In ,  As and InAs P, can b o th  be used  to  g iv e  th e-X i. "X j
r e q u i r e d  band gap. However, th e  perform ance o f  a h e t r o s t r u c t u r e  d ev ice  
does n o t  on ly  depend on th e  energy  gap and th e  r e f r a c t i v e  index  
d i s c o n t i n u i t y  a t  th e  h e t r o s t r u c t u r e  i n t e r f a c e ,  which h e lp  th e  c a r r i e r  
and o p t i c a l  con finem en t,  b u t  a l s o  th e  m echanical p r o p e r t i e s  o f  th e  
h e t r o j u n c t i o n .  I f  th e  l a t t i c e  co n s ta n t ,  o f  th e  two m a te r i a l s  t h a t  form 
th e  h e t r o j u n c t i o n  do n o t  have v e ry  s i m i l a r  v a lu e s ,  th e r e  i s  a l a r g e  
fo rm a t io n  o f  l a t t i c e  d e f e c t s ,  due to  th e  mismatch, r e s u l t i n g  in  ad v erse  
e f f e c t s  in  l a s e r s  such as r e d u c t io n  i n  th e  r a d i a t i v e  reco m b in a t io n  
e f f i c i e n c y  and o p e ra t in g  l i f e t i m e  o f  the  d e v ic e .  In  f a c t ,  i t  i s  n o t  
p o s s i b l e  to  grow h igh  q u a l i t y  e p i t a x i a l  l a y e r s  u n le s s  t h e r e  i s  good 
l a t t i c e  match between th e  l a y e r  and th e  s u b s t r a t e .  T ra n s p o r t  measurements 
on m a te r i a l  o f  poo r  l a t t i c e  match s h o u ld ,  t h e r e f o r e ,  be c o n s id e re d  w ith  
extreme c a re .
To overcome th e  problem  o f  l a t t i c e  mismatch one e x ten d s  from th e  
t e r n a r y  to  th e  q u a te rn a ry  a l l o y  system . The q u a te rn a ry  Ga^In^ x^s P'  ^ y  
can be grown o ver  a l l  v a lu e s  o f  x , th e  f r a c t i o n  o f  Gallium  and y , 
th e  f r a c t i o n  o f  Phosphorous. The d i r e c t  band gap v a r i e s  o v e r  t h i s  com p o si t io n  
range from 0.55eV to  2.23eV. However, f o r  good q u a l i t y  h e t r o j u n c t i o n s  i t  
has to  be grown on InP o r  GaAs s u b s t r a t e s .  The q u a te rn a ry  grown l a t t i c e  
matched to  GaAs has r e c e iv e d  very  l i t t l e  a t t e n t i o n  as i t  i s  n o t  
co n s id e re d  com m ercia lly  i n t e r e s t i n g  a t  p r e s e n t .  However, th e  q u a te rn a ry  
grown l a t t i c e  matched to  InP i s  r e c e iv in g  c o n s id e ra b le  i n v e s t i g a t i o n .
To grow th e  q u a te rn a ry  l a t t i c e  matched to  InP the  r a t i o  o f  Ga to 
As must be very  c a r e f u l l y  c o n t r o l l e d .  The c o n d i t io n  f o r  l a t t i c e  match 
g iven  to  a f i r s t  o rd e r  by x =  ^ hence p r o p e r t i e s  o f  th e  q u a te rn a ry
l a t t i c e  matched to  InP, t h a t  v a ry  w ith  com p o si t io n ,  can be e x p re s s e d  by 
( th e  p r o p o r t io n  o f  As) y a lo n e .
2 . 3 .2 .  Band S t r u c t u r e
F ig .  2 .6  shows th e  v a r i a t i o n  o f  th e  d i r e c t  band gap, a t  300K,
t o g e t h e r  w ith  th e  s u b s i d i a r y  minima as a fu n c t io n  (due to  G lisson  
f 81e t  a l L ) o f  co m p o si t io n .  The band gap hav ing  i t s  l a r g e s t  s e p a r a t i o n  
a t  y = 0  o f  1.34eV s low ly  d e c re a se s  in  an a lm ost l i n e a r  fa s h io n
to  a minimum v a lu e  o f  0.78eV a t  th e  t e r n a r y  boundary. This v a r i a t i o n  
has been confirm ed by many e x p e r im en te rs  u s in g  pho to lum inescence  and 
p h o to -c o n d u c t iv e  t e c h n i q u e s ^  . I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  
T-L s e p a r a t io n  i s  always l e s s  th a n  th e  d i r e c t  band gap making th e  
m a te r i a l  a p o t e n t i a l  c a n d id a te  f o r  Gunn d ev ice s  as  w i l l  be d i s c u s s e d  in  
C hap ter  9.
2 .4 .  Band S t r u c t u r e  C a lc u la t io n s
2 .4 .1 .  I n t r o d u c t io n
A ccording to  th e  v a lence  bond th e o ry  o f  P a u lin g  and Coulson 
th e  v a len ce  bands a r i s e  from th e  o v e r la p p in g  s p 3-h y b r id iz e d  v a le n c e  
o r b i t a l s .  The p r o p e r t i e s  o f  th e s e  o r b i t a l s  govern th e  c r y s t a l  
p r o p e r t i e s  and can be d e s c r ib e d  in  terms o f  th e  p o t e n t i a l s  seen  by 
v a len ce  e l e c t r o n  l o c a l i z e d  n e a r  t h e i r  io n s .  S tu d ie s  o f  a tom ic 
energy  l e v e l s  have shown t h a t  th e  p o t e n t i a l ,  V ( f ) , seen by v a len ce  
e l e c t r o n s  n e a r  an io n  o f  n e t  charge + Ze a r e  g iven  a p p ro x im a te ly  by
-11 -
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Figure 2.6 Band gap vs. composition.
Where rc i s  the  io n  core  r a d iu s .  The p r o p e r t i e s  t h a t  d e s c r ib e  th e
bonding o r b i t a l s  a r e  on ly  dependen t upon th e  n e t  i o n i c  co re  charge
and n o t  th e  n u c l e a r  ch a rg e .  The e lem ents  c o n s id e re d  h e re  a re  th o se
N 8 -Nt h a t  form t e t r a h e d r a l l y  c o o rd in a te d  A B c r y s t a l s ,  N b e in g  th e
number o f  v a len ce  e l e c t r o n s  p r e s e n t  on each atom.
F ig .  2 .7  shows th e  energy  l e v e l s  f o r  atoms w ith  and w i th o u t
d -c o re  e l e c t r o n s .  The p r i n c i p a l  c o n t r i b u to r s  to  th e  c o v a le n t  bond
a re  th e  ou te rm ost  np and ns v a len ce  e l e c t r o n s ,  however th e  d -c o re
e l e c t r o n s  can p la y  an im p o r ta n t  r o l e  in  th e  bonding , as  w i l l  be shown
l a t e r ,  by mixing in  and changing  th e  o u te rm o s t e n e r g i e s .  The more
s t r o n g ly  bound energy  bands , ( n - l ) p  and ( n - l ) s ,  a r e  c o n s id e re d  as
p a r t  o f  th e  io n i c  co re  and can be assumed to  p la y  no p a r t  i n  d e te rm in in g
the  energy  l e v e l s .
The sc reen ed  p o t e n t i a l s  seen  by atoms o u ts id e  the  io n i c  co re  can be
d iv id e d  in t o  two p a r t s .  One b e in g  due to  the  c o v a le n t  n a t u r e  o f  th e
bond th e  o th e r  due to  th e  io n i c  c h a r a c t e r ,  which would be zero  in
c r y s t a l s  such as Ge. When bo th  atoms in  th e  u n i t  c e l l  a r e  th e  same th e
bond (A-A) i s  p u re ly  c o v a le n t  and th e  bonding a n t ib o n d in g  d egeneracy  i s
s p l i t  by th e  c o v a le n t  p o t e n t i a l  by an amount Eq ^ , th e  homopolar
energy .  W ithout th e  p re se n c e  o f  d -c o re  e l e c t r o n s  Eq ^ i s  p u r e ly  a
( 1 2 )fu n c t io n  o f  n e a r e s t  n e ig h b o u r  d i s t a n c e v J .
I f  th e  atoms i n  the  u n i t  c e l l  a r e  d i f f e r e n t ,  (A-B) bonds, th e  bond has 
an i o n i c  p o r t i o n .  As s t a t e d  e a r l i e r ,  th e  o u te r  va lence  e l e c t r o n s  can be 
c o n s id e re d  independen t o f  th e  co re  and can be rough ly  th o u g h t  o f  as  b e in g  
columbic in  n a t u r e .  Hence, th e  d i f f e r e n c e  in  p o t e n t i a l  between atoms 
A and B, th e  e l e c t r o n e g a t i v i t y  d i f f e r e n c e  (C ) , i s  p r o p o r t i o n a l  to
where and Zg a re  th e  io n i c  ch a rg e s ,  e i s  th e  charge on an e l e c t r o n  
and r ^  and r^  are  th e  io n i c  r a d i i .  The above e x p re s s io n  f o r  th e
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Figure 2.7 Atomic energies of outer 
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e l e c t r o n e g a t i v i t y  d i f f e r e n c e  has to  be r e f in e d  to  accoun t f o r  
s c re e n in g  by v a len ce  e l e c t r o n s  so th e  e x p re s s io n  i s  m u l t i p l i e d  by a
(13)
Thomas-Fermi s c re e n in g  te rm v J g iv in g
/ Z e 2  Z e 2 A
. C = b ' /  exp (-k  R) 2 .4  ;
V A B J  s
r ^  + r B Q 2 -)
where R = ——  ^ -  1 .5  J f o r  z in c -b le n d e  s t r u c t u r e  and ks i s  th e
Thomas-Fermi s c re e n in g  l e n g th .  The b o n d in g -a n t ib o n d in g  energy  s e p a r a t i o n ,
deno ted  by E ’ i s  then  g iven  by
E = / e 2  + C2 2 .5
0  o >h
2 . 4 .2 .  P r e s c r i p t i o n  f o r  Band S t r u c t u r e  C a lc u la t io n s
To de term ine  th e  band s t r u c t u r e  o r  z in c -b le n d e  c r y s t a l s  a p o s t u l a t e
was made which s t a t e s  t h a t  a l l  homopolar e n e rg ie s  a r e  fu n c t io n s  o f
n e a r e s t  ne ighbour  d i s t a n c e  o n ly .  The i o n i z a t i o n  p o t e n t i a l ,  which i s  th e
energy  s e p a r a t io n ,  ^ 5 ^"  d e f in e d  by
I 2 = I 2 + C2 2 .6
0  o ,h
and shown to g e th e r  w ith  o th e r  p r i n c i p a l  p o in t s  o f  symmetry in  F ig .  2 .3 .
By u s in g  th e  fo l lo w in g  assumptions l i s t e d  below, Van-Vechteit^
ex tended  th e  th e o ry  o f  P h i l l i p s  and was a b le  to  c a l c u l a t e  e n e rg ie s  o f  th e
p r i n c i p a l  symmetry a x is  '(T-L-X) o f  a c r y s t a l  w ith  s u r p r i s i n g  a c c u racy .
1. In  th e  absence o f  d -c o re  e l e c t r o n s  in  one o f  th e  c o n s t i t u e n t  atoms 
a l l  d i r e c t  i n t e r - b a n d  t r a n s i t i o n  e n e rg ie s  (E^) a re  g iv en  by
Ei  = Ei , h  + J 2 - 7
1 >h
where i  can be 0 , 1 o r  2 , Eq i s  th e  d i r e c t  band gap, E^ the  
s e p a r a t io n  and E^ the  - X^  s e p a r a t i o n .
2. A ll homopolar e n e rg ie s  a re  o n ly  fu n c t io n s  o f  n e a r e s t  ne ig h b o u r
d is ta n c e
Ei,h = Ei,h l si c \ i  Ei,h 2-8
where E^  ^ i s  th e  a p p ro p r ia te  homopolar energy  f o r  S i ,  i s
th e  n e a r e s t  ne ighbou r d i s ta n c e  in  S i ,  d i s  th e  n e a r e s t  ne ighbour
d i s t a n c e  o f  th e  m a te r i a l  under c o n s id e r a t io n  and <5^ i s  th e
i  ,h
lo g a r i th m  decrem ent a p p r o p r ia t e  to  th e  energy  E. h g iven  in  'J- y **
Table 2* 1.
The energy  o f  th e  ^ 2 5 '  l e v e l ,  a t  the  top o f  th e  v a le n c e  band w i th  r e s p e c t  
to  the  vacuum le v e l  i s  g iven  by .
xo = Vh (* + (t yjh 2-9 •
V  o ,h  /
The energy  o f  th e  l e v e l  a t  the  v a len ce  zone edge i n  th e  (100)
d i r e c t i o n  w . r . t .  th e  vacuum le v e l  i s  assumed to  be in d e p en d en t o f
th e  i o n i c i t y  and i s  t h e r e f o r e  a fu n c t io n  o f  n e a r e s t  ne ig h b o u r  
d i s t a n c e  on ly
6 y
d 4By = Ey ( j —) ^ 2.10X. X. 1 . d4 4 |si Si
Where Ey i s  th e  energy  o f  th e  X. l e v e l  below th e  vacuum le v e l  
4 | S i
i n  S i and ^X^ i s  th e  lo g a r i th m ic  decrement a p p r o p r ia t e  to  th e
energy  EY given in  Table 2 .1 .
4
The energy o f  th e  l e v e l . a t  the  top o f  th e  v a len ce  band in  the
( 1 1 1 ) d i r e c t i o n  i s  g iven  w . r . t .  th e  vacuum le v e l  by
E = (Ep + Ey ) / 2  2.11
3 '  l 2 5 '  4
The energy  s e p a r a t io n  between th e  X-^  and X^ conduc tion  band s t a t e s ,
AX, in  a h e t r o p o l a r  c r y s t a l  i s  taken  to  be a l i n e a r  f u n c t io n  o f  C
on ly
AX = 0.071C 2.12
The energy  s e p a r a t io n  E = Er - E and E ' = E  ^ - E a re
o J 2 5 .  [ 2 '  1 L3 . 1
a f f e c t e d  by the p re sen ce  o f  f i l l e d  d-bands in  th e  fo l lo w in g  way
Ei  = ^ i x lD^ - 1U E i ^ u ( - w - r )Z )  l . 2 - 1 3i»h
where i  = 1 o r  0 .
The amount by which th e  d -co re  s t a t e s  low er th e  in t e r b a n d  e n e rg ie s  
determ ined  by o b s e rv a t io n  o f  th e  pu re  homopolar c r y s t a l s  o f  Ge and Sn.
By s tu d y in g  th e  in te rb a n d  e n e rg ie s  Van-Vechten s e p a ra te d  th e  e f f e c t  
in t o  two f a c t o r s ,  AE^, which depends on the  n e a r e s t  n e ighbour  d i s t a n c e
and (D^y-1 ) which g ives  th e  s t r e n g t h  o f  th e  c o u p lin g  between th e  d -c o re
and v a le n c e  e l e c t r o n s .
i s  th e  va lence  w eighted  average  o f  th e  D v a lu es  o f  th e  c r y s t a l  
c o n ta in in g  th e  c o n s t i t u e n t  atoms and th e  co rresp o n d in g  atoms from the- 
same row o f  th e  p e r io d i c  t a b l e .  D i s  th e  square  o f  th e  r a t i o  o f  th e  
e f f e c t i v e  plasma frequency  to  the  f r e e  e l e c t r o n  v a lu e  assuming fo u r  
e l e c t r o n s  p e r  atom. The D^y v a lu es  f o r  I I I - V  compounds a r e  l i s t e d  in  
Table 2 .2 .  To c a l c u l a t e  D^v f o r  InAs, which i n  a skew compound, we u se  
t h e  D v a lu es  f o r  InSb and GaAs g iv in g  D^y f o r  InAs as
Dav (InAs) = § D  (InSb) + § D (GaAs) 2.14
AE and AE. a r e  fu n c t io n s  o f  n e a r e s t  ne ighbou r d i s t a n c e  o n ly  i . e .
° 1  6AE
AEi  = AEi l Si  ca—  > 1 2 - 1 5o 1
C onsider ing  th e  sm all amount o f  ex p er im en ta l  fo u n d a t io n  and th e  few 
pa ram ete rs  r e q u i r e d  to  de te rm ine  e n e rg ie s  th e  th e o ry  o f  P h i l l i p s  and 
Van Vechten i s  s u r p r i s i n g l y  a c c u ra te  and i s  n o t  r e s t r i c t e d  to  th e  band 
s t r u c t u r e  o f  I I I -V  compounds. I t  i s  n o t  s u r p r i s i n g  t h a t  some p e o p le
r e f e r  to  th e  th e o ry  as  th e  U n iv e rsa l  sem iconductor  model.
TABLE 2 .1 .
Param eter Value f o r  Si(eV) L ogarithm ic
Decrement
I .P . 5 .17 -1 .3077
VAC"X4 8.63 -1 .4 3
Eo ,h 4 . 1 -2 .75
El , h 3.6 - 2 . 2 2
E2 ,h 4 .5 -2 .3821
AE0 1 2 . 8 -5 .0 7
A E 1 4.976 
TABLE 2 .2
-4 .9 7
d (A) C(eV) °AV
Si 4.444 o 1 . 0
Ge 4.630 0 1.267
GaAs 4.626 2.9 1.235
GaP 4.460 3.3 1.152
InAs 4 .940 2.74 1.354
InP 4.802 3.339 1.270
InSb 5.302 2 .3 1.417
A1P- 4 .460 3.135 1 . 0
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CHAPTER 3
ELECTRICAL TRANSPORT IN III-V'COMPOUNDS
3 .1 .  I n t r o d u c t io n
The t r a n s p o r t  p r o p e r t i e s  o f  I I I -V  compounds, which w i l l  be 
d is c u s s e d  in  t h i s  C hap ter  in c lu d e  th e  most im p o r ta n t  p ro c e s s e s  t h a t  
a f f e c t  the  low f i e l d  m o b i l i ty  o f  e l e c t r o n s  and h o le s .  I f  an e l e c t r o n  
o r  h o le  were t r a v e l l i n g  in  a p e r f e c t l y  p e r io d ic  c r y s t a l  p o t e n t i a l  
under the  in f lu e n c e  o f  an a p p l ie d  e l e c t r i c  f i e l d  i t  would c o n t in u e  to
vy ■ •
a c c e l e r a t e  in  a s t r a i g h t  l i n e .  T h is ,  o f  c o u rse ,  does n o t  happen in  
p r a c t i c e  as t h e r e  a re  many mechanisms w i th in  th e  c r y s t a l  t h a t  d e s t ro y  
i t s  p e r i o d i c i t y  and hence s c a t t e r  th e  c a r r i e r s .  Under th e  in f lu e n c e  
o f  an e l e c t r i c  f i e l d ,  e ,  th e  motion o f  th e  charge  c a r r i e r s  can be 
d e s c r ib e d  by a sequence o f  unimpeded a c c e l e r a t i o n  and su b seq u en t 
c o l l i s i o n ,  c a l l e d  a s c a t t e r i n g  e v e n t ,  w ith  th e  l a t t i c e  t h a t  modify th e  
c a r r i e r s  momentum and ene rgy ,  a l th o u g h  f o r  some mechanisms the  energy  
change i s  n e g l i g i b l e .  This  p ro cess  o f  i n t e r a c t i o n  and a c c e l e r a t i o n  
causes  the  charge c a r r i e r s  to  move w ith  an average v e l o c i t y  V = ye f o r  
low v a lu e s  o f  the  e l e c t r i c  f i e l d .  The c o n s ta n t  o f  p r o p o r t i o n a l i t y  y i s  
r e f e r r e d  to  as the  m o b i l i ty .
As we a re  concerned  w ith  t r a n s p o r t  i n  a l l o y  s e m ic o n d u c to r s , in  
a d d i t io n  to  th e  u s u a l  phonon and io n i z e d  im p u r i ty  s c a t t e r i n g  mechanisms 
two o th e r  s c a t t e r i n g  mechanisms w i l l  a l s o  be d is c u s s e d .  They a re  a l l o y  
s c a t t e r i n g  and space charge s c a t t e r i n g  which a r e  b e l ie v e d  to  p la y  a r o l e  
in  de te rm in in g  th e  low f i e l d  m o b i l i ty .
3 .2 .  Phonon S c a t t e r i n g  Mechanisms
3 .2 .1 .  I n t r o d u c t io n
Let us f i r s t  c o n s id e r  th e  i n t r i n s i c  s c a t t e r i n g  mechanisms t h a t  o c c u r
due to  i o n i c  v i b r a t i o n .  In  a s i m i l a r  way i n  which e le c t ro m a g n e t ic  waves 
can be c o n s id e re d  as p h o to n s ,  l a t t i c e  v i b r a t i o n  can be c o n s id e re d  as phonons 
so changes in  th e  p e r io d i c  p o t e n t i a l  o f  th e  l a t t i c e  t h a t  w i l l  s c a t t e r  an 
e l e c t r o n  w i l l  occu r  when a phonon i s  i n  c o l l i s i o n  w ith  an io n .  Again j u s t  
as  w ith  p h o to n s ,  phonons have an a s s o c ia t e d  energy  hv^ where w^  i s  the  
v i b r a t i o n a l  f requency  and momentum ftk where k i s  th e  wave v e c t o r  o f  the  
v i b r a t i o n .
F ig .  3.1 shows th e  d i s p e r s io n  r e l a t i o n  f o r  l a t t i c e  v ib r a t io n s  in  th e  
B r i l l o u i n  zone. As can be seen  th e r e  a r e  fo u r  b ranches  t h a t  a r e  d iv id e d  
in t o  two g roups . For one group th e  phonon f requency  in c r e a s e s  a lm o s t  
l i n e a r l y  w ith  wave v e c to r ,  k , c lo s e  to  the  c e n t r e  o f  the  B r i l l o u i n  zone, 
re a c h in g  a maximum a t  th e  zone edge; t h i s  i s  c a l l e d  th e  a c o u s t i c  b ran ch .
The o th e r  has a f a i r l y  c o n s ta n t  v a lue  around th e  c e n t re  o f  th e  B r i l l o u i n  
zone te n d in g  to  a s m a l l e r  v a lue  a t  th e  zone boundary; t h i s  i s  c a l l e d  the  
o p t i c  b ran ch .  The a c o u s t i c  phonon group causes  th e  atoms to  v i b r a t e  in  
phase whereas th e  o p t i c a l  phonon group causes th e  atoms to  v i b r a t e  in. 
o p p o s i te  phase .
3 . 2 .2 .  A co u s tic  Phonon S c a t t e r i n g  Mechanisms
A co u s t ic  phonons can s c a t t e r  th e  e l e c t r o n s  in  two ways. F i r s t l y ,  th e  
a c o u s t i c  phonons change th e  sp ac in g  between th e  io n s  and s in c e  th e  band 
s t r u c t u r e  i s  very  s e n s i t i v e  to  th e  l a t t i c e  s p a c in g ,  as d i s c u s s e d  in  th e  
p re v io u s  C hap ter ,  th e  conduction  and va lence  band e n e rg ie s  change. 
F lu c tu a t io n s  a r e ,  t h e r e f o r e ,  in t ro d u c e d  i n t o  th e  co nduc tion  and v a le n c e  
band edges and i t  i s  t h i s  t h a t  s c a t t e r s  the  e l e c t r o n s .  To s im p l i f y  th e  
i n t e r p r e t a t i o n  o f  th e  mechanism a p o t e n t i a l  i s  s a id  to  p e r tu r b  th e  
l a t t i c e .  The p o t e n t i a l  i s  known as the  de fo rm a tion  p o t e n t i a l  and th e  
r e s u l t i n g  s c a t t e r i n g  mechanism i s  r e f e r r e d  to  as defo rm a tio n  p o t e n t i a l
kFigure 3.1 Dispersion curves for lattice * 
vibrations in semiconductors.
s c a t t e r i n g .  The r e s u l t i n g  m o b i l i ty  l i m i t  o f  t h i s  mechanism has been
g iven  by Wolfe e t  a l ^ ^  as
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where p i s  the  mass d e n s i t y ,  u  i s  th e  average  sound v e l o c i t y ,  ro* th e  
e l e c t r o n  e f f e c t i v e  mass., the  a c o u s t i c  de fo rm ation  p o t e n t i a l  and
T i s  th e  te m p e ra tu re .  O ther  symbols a re  s ta n d a rd  c o n s ta n t s  and have th e  
u su a l  meaning. *
From a n a ly s i s  o f  th e  te m p era tu re  dependence o f  m o b i l i ty  in  InP
P o t t e r ^ ^  deduced a v a lue  o f  = 18eV and u s in g  h i s  d a t a  Nag and
f 17V ' f 181D utta  and Hamilton deduced s i m i l a r  h ig h  v a lu e s  i n d i c a t i n g  t h a t
d e fo rm a tio n  p o t e n t i a l  s c a t t e r i n g  would have a n o t i c e a b l e  e f f e c t  on th e
low f i e l d  m o b i l i ty  f o r  low y q u a te rn a ry  m a t e r i a l .  However, from
c o n s id e r a t io n  o f  the  q u a te rn a ry  p r e s s u r e  c o e f f i c i e n t ,  as  shown in  F ig .  4 .6
✓
i t  i s  n o t  b e l ie v e d  t h a t  E^, i s  l a r g e  enough f o r  a c o u s t i c  phonon s c a t t e r i n g  
to  have a s i g n i f i c a n t  in f lu e n c e  on the  low f i e l d  o f  th e  q u a te rn a ry  o v e r  
th e  te m p era tu re  range c o n s id e re d  h e re  and indeed  t h i s  i s " s u p p o r t e d  by
( l 9 )
the  r e s u l t s  o f  Walukiewicz'' J .
There i s  a n o th e r  way a c o u s t i c  phonons can s c a t t e r  e l e c t r o n s .  When 
an io n  i s  moved from i t s  e q u i l ib r iu m  p o s i t i o n  th e r e  w i l l  a l s o  be a 
r e d i s t r i b u t i o n  o f  charge c a u s in g  a change in  th e  p o t e n t i a l .  This  mechanism 
i s  r e f e r r e d  to  an p i e z o - e l e c t r i c  s c a t t e r i n g  and the  m o b i l i t y  l i m i t  due to  
t h i s  mechanism has been g iven  by R o d e ^ ^  as
= 16V2i  n2£o T-1 3 2
pe 3 ~ ^ r 2 v 2 , |  •m* 3 c e e B
where eQ i s  th e  low frequency  d i e l e c t r i c  c o n s ta n t  and K th e  e l e c t r o ­
m echanical cou p lin g  c o n s ta n t .
At low enough te m p era tu re s  in  a p u re  p o l a r  sem iconducto r  th e  m o b i l i ty  
may be determ ined  by p i e z o e l e c t r i c  s c a t t e r i n g .  However, in  p o l a r
sem iconductors  w ith  im p u r i t i e s ,  io n iz e d  im p u r i ty  s c a t t e r i n g  w i l l  
p ro b ab ly  dom inate. For t h i s  reason  th e r e  a re  few p r a c t i c a l  
a p p l i c a t i o n s  f o r  p i e z o e l e c t r i c  s c a t t e r i n g  and o v er  th e  te m p e ra tu re  range  
c o n s id e re d  h e re  i t  can be s a f e l y  ig n o re d .
3 .2 .3 .  O p t ic a l  Phonon S c a t t e r i n g  Mechanisms
The o p t i c a l  phonons a l s o  s c a t t e r  e l e c t r o n s .  They cause  th e
n e ig h b o u rin g  atoms to  v i b r a t e  in  o p p o s i te  phase  and because  t h e r e  i s
an o p p o s i te  io n i c  charge on each io n  th e  v i b r a t i o n s  produce a p o l a r i z a t i o n
t h a t  r e s u l t s  in  th e  fo rm a tio n  o f  a d ip o le  moment. The e l e c t r i c  f i e l d
a s s o c ia t e d  w ith  th e  moment s c a t t e r s  th e  e l e c t r o n s .  The m o b i l i t y  l i m i t
r 211a s s o c i a t e d  w ith  t h i s  mechanism was developed  by E h ren re ich ^  J and
( 2 2 1s u b se q u e n tly  by F o r t i n i ,  D iguet and Lugardv J and i s  g iven  as
t-, t  1 e 2  m0  3/ 2
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where e* i s  th e  C a l le n  e f f e c t i v e  ch a rg e ,  M i s  th e  reduced  io n  mass,
ft i s  th e  volume o f  th e  p r im i t i v e  c e l l ,  0 i s  th e  p o la r  phonon te m p e ra tu re
0 r o i l
and z = y  • The fu n c t io n  G(z) i s  g iven  g r a p h ic a l l y  by E h re n re ic h  ■ and
depends on th e  e l e c t r o n  d e n s i t y .
P o la r  O p t ic a l  Phonon s c a t t e r i n g  i s  th e  most im p o r ta n t  s c a t t e r i n g
mechanism f o r  e l e c t r o n s  i n  d i r e c t  gap b in a ry  sem iconduc to rs  o ve r  th e
te m p era tu re  range c o n s id e re d  h e re  and w i l l  be used in  th e  i n t e r p r e t a t i o n
o f  th e  measured m o b i l i ty  l i m i t s .
The o p t i c a l  phonons can a l s o  produce a s c a t t e r i n g  mechanism s i m i l a r
to  t h a t  o f  a c o u s t i c  phonon s c a t t e r i n g  in  which th e  v i b r a t i o n s  produce a
p e r tu r b in g  p o t e n t i a l  p r o p o r t i o n a l  to  the  o p t i c  s t r a i n .  The s c a t t e r i n g
mechanism i s  v e ry  dependent on th e  band s t r u c t u r e  and i s  v e ry  weak f o r
e l e c t r o n s  a t  th e  bottom  o f  th e  T  ^ conduc tion  band minimum which have
2
s-wave symmetry bu t i s  v ery  s t ro n g  f o r  c a r r i e r s  t h a t  have p - ty p e  symmetry.
The m o b i l i ty  l i m i t  f o r  n o n -p o la r  o p t i c a l  phonon s c a t t e r i n g  i s  g iven
The above i s  a b r i e f  d i s c u s s io n  o f  th e  phonon s c a t t e r i n g  mechanisms 
t h a t  e x i s t  i n  I I I - V  m a t e r i a l s .
3 .3 .  Io n iz e d  Im p u r i ty  S c a t t e r in g
Although pure  c r y s t a l s  canno t be p roduced , many a re  i n t e n t i o n a l l y  
doped to  p ro v id e  a r e q u i r e d  c a r r i e r  c o n c e n t r a t io n  t h a t  i s  needed f o r  a 
d e v ic e .  The s u b s t i t u t i o n  o f  an im p u r i ty  on a l a t t i c e  s i t e  w i l l ,  o f  
c o u rse ,  change th e  p e r io d i c  p o t e n t i a l  and thus  s c a t t e r s  an e l e c t r o n .  At 
low te m p era tu re s  th e  e l e c t r o n s  have a sm all energy  and so th e  io n iz e d  
im p u r i t i e s  a re  a b le  to  s c a t t e r  th e  e l e c t r o n s  s t r o n g ly  b u t  as th e  
te m p era tu re  in c r e a s e s  th e  e l e c t r o n s  o b ta in  a g r e a t e r  energy  and a r e  n o t  
as s t r o n g ly  s c a t t e r e d ,  so th e  s c a t t e r i n g  r a t e  f o r  e l e c t r o n s  d e c re a se s  wi 
in c r e a s in g  te m p e ra tu re .  The m o b i l i ty  l i m i t  f o r  t h i s  mechanism i s  g iven  
by Brooks as
by Conwell
3 .4
where i s  th e  l o n g i tu d in a l  sound v e l o c i t y ,  E j^pQ th e  non p o la r  o p t i c a l  
d efo rm a tio n  p o t e n t i a l  and S(0/T) has a com plica ted  v a r i a t i o n  w ith  
te m p era tu re s  te n d in g  to  T" 1 a t  h igh  te m p e ra tu re s .
y = 3 .28 x 10 15 e2 T3/2n . In Cl+b) -  3 .5
(m*/m N. e o '  i
where b 1.29 x 1 0 14  e m* T2n  do e 3 .6
m n o
and n = n + (Np-N^-n)(n+N^)/ND
. /
3 .7
where n i s  the  e l e c t r o n  d e n s i t y ,  and and a r e  th e  d e n s i t y  o f  donors
and a c c e p to r s  r e s p e c t i v e l y .
Io n iz e d  im p u r i ty  s c a t t e r i n g  i s  o f  p a r t i c u l a r  im portance  in  th e
r a t e  d e c re a se s  q u ic k ly .  Io n iz e d  im p u r i ty  s c a t t e r i n g  i s  th e  mechanism 
n o rm ally  r e s p o n s ib le  f o r  th e  v a r i a t i o n  o f  m o b i l i ty  from sample to  sample 
o f  th e  same m a t e r i a l .
3 .4 .  Space Charge S c a t t e r in g
When c o n s id e r in g  im p u r i ty  e f f e c t s  i t  i s  u s u a l ly  assumed t h a t  th e y  
a re  d i s t r i b u t e d  u n ifo rm ly  th rough  th e  c r y s t a l .  However, i t  i s  p o s s i b l e  
t h a t  re g io n s  o f  inhom ogeneity  may e x i s t  due, f o r  example, to  c l u s t e r i n g  
o f  im p u r i t i e s  cau s in g  re g io n s  to  have a charge d i f f e r e n t  to  t h a t  o f  the  
su rro u n d in g  c r y s t a l  m a t r ix .  Space charge r e g io n s  form around  the  inhomo 
g e n e i t i e s  to  p ro v id e  charge  n e u t r a l i t y  r e s u l t i n g  in  co nduc t ion  and 
v a len ce  band d i s t o r t i o n s  as  shown in  F ig . 3 .2 .  I t  i s  assumed th a t  
e l e c t r o n s  cannot p e n e t r a t e  the  space charge  re g io n  and so th e  s c a t t e r i n g  
i s  t r e a t e d  as a s im ple  c o l l i s i o n  problem . The m o b i l i ty  l i m i t  d e r iv e d  
f o r  t h i s  mechanism by W e i s b e r g ^ ^  i s  g iven  by
where Ng i s  th e  c o n c e n t r a t io n  o f  space charge re g io n s  and A th e  
e f f e c t i v e  s c a t t e r i n g  a re a  o f  th e  space  charge reg io n s .
3 .5 .  A lloy  S c a t t e r i n g
The concep t o f  (random p o t e n t i a l )  a l l o y  s c a t t e r i n g  was p roposed
*|* o j  o
a n a ly s i s  o f  m o b i l i ty  d a ta  and w ith  i t s  te m p era tu re  dependence o f  T 0 .
i s  p redom inan t a t  lower te m p era tu re  where th e  p o l a r  o p t i c a l  s c a t t e r i n g
3 .8
as long  ago as 1931 by N o r d h e im ^ ^  , and M o t t (1936) c o n s id e re d  th e
e f f e c t s  o f  s u b s t i t u t i o n  in  d i l u t e  a l l o y s .  An e l e c t r o n  t r a v e l l i n g  i n
a reg io n  o f  d i f f e r e n t  energy  w i l l  e x p e r ie n c e  a change in  p o t e n t i a l  and 
hence be s c a t t e r e d .  This i s  in  f a c t ,  as p o in te d  o u t  by M o t t ^ ^ ,  th e
/ /Z 7 7 7 / / / / / / / /~ r v  / / J J J / * / / / /  /  / /
W //W /////,conduction band
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FIGURE 3.2 Contours of conduction and
valence bands in n-type material 
surrounding a region of (a) reversed 
conductivity type, (b) resistivity fluctuation,, 
(c) precipitate with larger band gap, (d) 
precipitate with smaller band gap,(e) 
metallic precipipate.
fermi level
same as a beam o f  e l e c t r o n s  be ing  s c a t t e r e d  by a p o t e n t i a l ,  which he
term ed  th e  " In n e r  p o t e n t i a l " .
The form ula from which th e  a l lo y  m o b i l i ty  in  sem iconduc to rs  can .
be deduced had been d e r iv e d  by Brooks many y e a rs  ago. The d e r i v a t i o n  was
n e v e r  p u b l i s h e d  b u t  th e  form ula has been r e f e r r e d  to  many tim es in  the
(291
l i t e r a t u r e .  However, r e c e n t l y  L i t t l e j o h n  e t  a l v r e p e a te d  the
c a l c u l a t i o n  o f  Brooks and found i t  to  be in  e r r o r  by a f a c t o r  -J. The
f29 jm o b i l i t y  l i m i t  d e r iv e d  by L i t t l e j o h n  e t  a l^  J i s  o f  th e  form
where S(a) r e f e r s  to  th e  degree  o f  randomness, b e in g  u n i t y  when th e re  
i s  t o t a l  d i s o r d e r  b u t  becoming zero  in  a p e r f e c t l y  o rd e re d  s t r u c t u r e ;  t h i s  
w i l l  be d is c u s s e d  in  more d e t a i l  in  S e c t io n  7 .2 .  AU i s  th e  a l l o y  
s c a t t e r i n g  p o t e n t i a l  i n  eV and i s  a measure o f  the, m agnitude o f  th e  
f l u c t u a t i o n s  caused by th e  a tom ic d i s t r i b u t i o n  v a r i a t i o n s ;  t h i s  w i l l  be 
d i s c u s s e d  i n  more d e t a i l  i n  S e c t io n  7 .3 .  I t  shou ld  be n o te d  t h a t  AU i s  
o f te n  quo ted  w ith  a term t h a t  i s  a f u n c t io n  o f  the  com position  (x(l-x)A U ) 
b u t  th e re  has been no a t te m p t  h e re  to  fo rc e  such a v a r i a t i o n .
5 .6 .  Hole M o b il i ty  I n t r o d u c t io n
When i n i t i a l  experim en ts  were made on th e  m o b i l i ty  o f  p - ty p e  Ge and 
S i i t  was r e a l i s e d  from c y c lo t ro n  re sonance  m e a s u r e m e n t ^ a n d  band 
s t r u c t u r e  c a l c u l a t i o n ^ 0 , ^  t h a t  a n a l y s i s  o f  th e  h o le  m o b i l i t y  was f a r  
more com plica ted  than  t h a t  o f  e l e c t r o n  m o b i l i t i e s ;  due to  th e  degeneracy  
and p - l i k e  symmetry o f  th e  v a lence  band in  which th e  h o le s  e x i s t .  Even 
in  p - G e ^  ^ , in  which th e  t r a n s p o r t  i s  b e l ie v e d  to  be most f u l l y  
u n d e rs to o d ,  many im p o r ta n t  t h e o r e t i c a l  problems s t i l l  rem ain u n so lv ed .
Due to  the  g r e a t  s i m i l a r i t i e s  between th e  va len ce  band o f  group IV
8  x 1 0 k /2  ft4 m*~5^ 2e T e 3 .9
and group I I I - V  sem iconductors  one would assume t h a t ,  a p a r t  from
the  a d d i t i o n a l  p o l a r - o p t i c a l  phonon and p i e z o e l e c t r i c  s c a t t e r i n g
mechanisms, t r a n s p o r t  w i th in  th e  two bands would be v ery  s i m i l a r .
However, e a r l y  on i n  th e  a n a l y s i s  o f  h o le  m o b i l i t i e s  in  I I I - V  m a t e r i a l s ,
c o r r e c t io n s  t h a t  had been made to  accoun t f o r  co m p lica t io n s  in  th e
v a le n c e  band o f  Ge were n o t  in t ro d u c e d ,  and f o r  a long tim e a l o t  o f
th e  e a r l y  a n a ly s i s  was i n  e r r o r .  This  i s  because  i t  was c o n s id e re d  t h a t
p o l a r - o p t i c a l  phonon s c a t t e r i n g  was by f a r  th e  dominant mechanism a t
h igh  te m p era tu re s  in  th e s e  m a t e r i a l s .  E v e n tu a l ly  t h i s  was p o in te d  o u t  
r 3 5 ')
to  be i n c o r r e c t^  /  and mechanisms such as n o n -p o la r  o p t i c a l  phonon 
s c a t t e r i n g  and a c o u s t i c  phonon s c a t t e r i n g  had to  be taken  in t o  ac c o u n t .
3 .7 .  Hole M o b il i ty  Theory
Because the  va len ce  band has a more complex s t r u c t u r e  than  the
conduc tion  band n e a r  k = 0 , th e  a n a l y s i s  o f  h o le  t r a n s p o r t  i s  more
c o m p lica ted  th an  t h a t  o f  e l e c t r o n s .  For t h i s  rea so n  th e  th e o ry  o f
t r a n s p o r t  w i th in  th e  v a len ce  band w i l l  be d e a l t  w ith  in  g r e a t e r  d e t a i l
than  th e  th e o ry  o f  e l e c t r o n  t r a n s p o r t  w i th in  th e  conduc tion  band. For
a much f u l l e r  accoun t o f  h o le  t r a n s p o r t  one shou ld  r e f e r  to  an e x c e l l e n t
a r t i c l e  by Wiley .
F ig .  3 .3  shows th e  s t r u c t u r e  o f  th e  v a len ce  band around th e  T -p o in t .
At th e  T p o i n t  th e  s i x - f o l d  d eg e n e ra te  band i s  s p l i t  by s p in  o r b i t
s p l i t t i n g  i n t o  a f o u r - f o l d  d e g en e ra te  r g band and a doubly  d e g e n e ra te  T 7
band c a l l e d  th e  s p l i t - o f f  band (V.,) and s e p a ra te d  by an energy  A fromo o
r Q. Away from k = 0 th e  r g band s p l i t s  in t o  two doubly d e g e n e ra te  b an d s ,  
the  heavy h o le  band (V^) and th e  l i g h t  h o le  band . Because o f  th e  two 
band s t r u c t u r e  t r a n s p o r t  a n a ly s i s  becomes a much more co m p lic a te d  p ro c e d u re  
I n i t i a l l y  one can th in k  o f  th e  two bands, V^  and V^, as  b e in g  decoupled  
t h e r e f o r e  th e re  w i l l  be no in te rb a n d  s c a t t e r i n g .  The observed  c o n d u c t iv i t y  
i s  s im ply  th e  sum o f  the  in d iv id u a l  c o n d u c t i v i t i e s ,  i n  which c a se  th e
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Figure 3.3 Energy band structure 
relevant to hole transport.
m o b i l i ty  i s  g iven  by
W = (Pj Uj + P2 t'2 ) + P-,) 3 ,1 0
where p^ and p^ a re  th e  d e n s i t i e s  o f  heavy and l i g h t  h o le s  r e s p e c t i v e l y  
and y^ and th e  m o b i l i ty  o f  heavy and l i g h t  h o le s  r e s p e c t i v e l y .  I f
th e  bands a re  assumed to  be s p h e r i c a l l y  symmetric then
P l i  .
—  = r 3 2 where r  = m./nu
p 2 ' , 1 2
and e q u a t io n  3 .10  can be w r i t t e n  as
f l v 2/ v l )  . +  r 3 / 2 V  
” '  ( 1 + r 3 / 2  ) Vl
C a lc u la t in g  u s in g  the  decoupled  band approx im ation  le a d s  to  u n a c c e p ta b le
s (36
(36)
v a lu e s  o f  m o b i l i ty  f o r  c e r t a i n  s c a t t e r i n g  m e c h a n i s m s . However, i t  i s
c o n s id e re d  s u i t a b l e  f o r  io n iz e d  im p u r i ty  s c a t t e r i n g
One now c o n s id e rs  th e  p re sen ce  o f  in te rb a n d  s c a t t e r i n g ,  x^ i s  th e  
r e l a x a t i o n  time f o r  heavy h o le s ,  x^ i s  th e  r e l a x a t i o n  tim e f o r  l i g h t  
h o le s  and i s  th e  r e l a x a t i o n  time a s s o c i a t e d  w ith  a s c a t t e r i n g  from 
band i  t o  band j .  T h e re fo re  th e  t o t a l  s c a t t e r i n g  r a t e  f o r  heavy h o le s  
i s  g iven  by
-  = -  + -  3 .12
T1 T 1 1  t 1 2
and f o r  l i g h t  h o le s
1 = 1 + 1  3 .13
X2 T21 T22
In  th e  compounds we w i l l  c o n s id e r ,  th e  heavy h o le  e f f e c t i v e  mass i s  
c o n s id e ra b ly  g r e a t e r  th a n  th e  l i g h t  h o le  e f f e c t i v e  mass le a d in g  to  a 
much l a r g e r  d e n s i t y  o f  s t a t e s  f o r  th e  heavy h o le  band. S c a t t e r i n g s  t h a t  
t e rm in a te  in  th e  heavy h o le  band w il l ,  t h e r e f o r e ,  dominate th e  t r a n s p o r t
p r o p e r t i e s  due to  th e  l a rg e  d e n s i ty  o f  s t a t e s ,  t h e r e f o r e
-  3.14
' T1 1  T 2 1  t 2 2  t 1 2
The m o b i l i ty  f o r  heavy h o l e s ,  y^, and l i g h t  h o le s  y£, i s  g iven  in  term s
0  X 0  To f  th e  r e l a x a t i o n  tim e by p1 = —  and y9 = —  , th e  as
r .  E qua tion  3.11 then  becomes
sum ption  t h a t
3.15
Before th e  app rox im ation  = x2  was made t r a n s p o r t  w i th in  th e  bands was
assum ption  t h a t  in t e r b a n d  s c a t t e r i n g  occu rs  and d e r iv e d  an e x p re s s io n  
f o r  th e  e f f e c t i v e  m o b i l i ty  g iven  by
However f o r  v a lu e s  o f  r ,  th e  r a t i o  o f  heavy to  l i g h t  h o le  e f f e c t i v e  
m asses , de te rm ined  f o r  th e  q u a te rn a ry  ( r  ^ 1 0 ) le a d s  to  a n e g l i g i b l e  
e r r o r  between th e  two e x p re s s io n s  3.15 and 3 .1 7 .  Only when one c o n s id e r s  
compounds such as  A1P, in  which r  ^ 3 do they  d i f f e r  making i t  n e c e s s a ry  
f o r  th e  more e x a c t  e q u a t io n  3 .17 to  be used as shown in  F ig .  3 .4 .
One o th e r  problem e x i s t s  when c o n s id e r in g  t r a n s p o r t  w i th in  th e  
v a len ce  band. The e l e c t r o n  s c a t t e r i n g  mechanisms t h a t  e x i s t  w i th in  the  
co nduc t ion  band a re  d e r iv e d  assuming t h a t  th e  c a r r i e r s  have a tom ic 
s - l i k e  c h a r a c t e r .  However the  s u r f a c e s  o f  c o n s ta n t  energy  f o r  h o le s  a re  
n o t  s p h e r i c a l  b u t  have a s t ro n g  p - l i k e  symmetry and t h i s  f a c t o r  a l s o  has 
to  be taken  i n t o  acc o u n t.
Taking the  p - ty p c  symmetry and two c a r r i e r  f a c t o r  i n t o  acco u n t th e
Pm o b i l i ty  l i m i t s  imposed by p o l a r  o p t i c a l  phonon s c a t t e r i n g  (PpQ)> io n iz e d
P Pim p u r i ty  s c a t t e r i n g  a l l o y  s c a t t e r i n g  ( f^ )  and space  charge
c o n s id e re d  to  be indep en d en t e n a b l in g  th e  c o n d u c t iv i ty  to  be e x p re s se d  as
a = a 1 + a 2 3.16
f37)C o s ta lo v J has in  f a c t  made a more d e t a i l e d  s tu d y ,  s t a r t i n g  w ith  th e
( 1  + r 3^ 2 ) 2
3 .17
s c a t t e r i n g  (yq f 0  becomes
15
I 0
0  5
10 100
Figure 3.4 Difference between equ. 3.15
(------ ) and equ... 3.16 (-------).
Figure 3.5 Kuvs.r.
where UpQ, V jp  Vg^ and a re  o b ta in e d  from e q u a t io n s  3 .3 ,  3 .5 ,  3 .8 ,  
and 3 .9  r e s p e c t i v e l y  u s in g  th e  heavy h o le  e f f e c t i v e  mass m*.
The f a c t o r  2 i n  e q u a t io n  3.18 and 1 .5  in  eq u a t io n  3 .19 accoun t f o r  
th e  p - l i k e  symmetry o f  th e  h o le  wave fu n c t io n  and g iven  g r a p h ic a l l y  
by K ranzer^ J and shown in  F ig . 3 .5  accoun ts  f o r  th e  p - l i k e  symmetry 
and l i g h t  h o le  c a r r i e r s .
F i n a l l y ,  when c o n s id e r in g  h o le  m o b i l i t i e s ,  a c o u s t i c  phonon 
s c a t t e r i n g  t h a t  was n e g le c te d  when c o n s id e r in g  e l e c t r o n  s c a t t e r i n g  must 
be taken  in t o  account because  o f  th e  l a rg e  heavy h o le  e f f e c t i v e  mass. 
N on-po lar  o p t i c a l  phonon s c a t t e r i n g ,  which can be n e g le c te d  when c o n s id e r in g  
e l e c t r o n s  in  th e  conduction  band must a l s o  be in c lu d e d .  The two mechanisms 
o f  a c o u s t i c  and n o n -p o la r  o p t i c a l  phonon s c a t t e r i n g  may be combined 
to  g ive  a m o b i l i ty  l i m i t  o f  th e  fo rn r  ■
I
4 o +a c  = 3 - 1 7 2 7  *  1 0 ’ 5 r 5 / 2  T T ^ i f c i
( 1  + r z) z 
 PH  Q f a „ - 3 /
(m^/mQ)
S ( 0 , n , T ) - 3/2 3.22
AC
where i s  th e  a c o u s t i c  de fo rm a tion  p o t e n t i a l  in  th e  v a le n c e  band, 
ENPO * s tEe °P t;^c a  ^ de fo rm ation  p o t e n t i a l  in  th e  v a len ce  band,
I NPO 1n -[ p / and S(0,r),T) i s  a f u n c t io n  g iven g r a p h ic a l l y  by Wiley
V AC /  C35)
and Di Domenicov . I t  shou ld  be n o te d  t h a t  no a t te m p t has been made
p p
to  c o r r e c t  y ^  and yg ,^ f o r  th e  p - l i k e  symmetry o f  th e  h o le  wave fu n c t io n  
which w i l l  t h e r e f o r e  be r e f l e c t e d  in  th e  a l l o y  s c a t t e r i n g  p o t e n t i a l  and 
o r  th e  space charge d e n s i ty  and a re a .
CHAPTER 4
COMPOSITION AND PRESSURE DEPENDENCE OF QUATERNARY ALLOY 
MATERIAL PARAMETERS
4 .1 .  I n t r o d u c t io n
U n fo r tu n a te ly  th e r e  a re  few q u a te rn a ry  m a te r i a l  pa ram ete rs  
r e l e v a n t  to  t r a n s p o r t  a n a l y s i s  t h a t  have been measured. For t h i s  
re a s o n  one must r e s o r t  to  an i n t e r p o l a t i o n  p ro ced u re  to  de te rm ine  th e  
q u a te rn a ry  m a te r i a l  c o n s ta n t s  from th o se  o f  th e  b in a ry  compound 
C o n s t i t u e n t s .  The i n t e r p o l a t i o n  p rocedu re  used  h e re  in v o lv e s  w e ig h t in g  
each in d iv id u a l  b in a ry  p a ram e te r  by th e  f r a c t i o n  o f  m a te r i a l  p r e s e n t  
e .g .  th e  InP c o n t r i b u t i o n  would be found by w e ig h t in g  th e  p a ram e te r  by 
( l - x ) ( l - y ) .  In  t h i s  way i t  i s  p o s s i b le  to  e s t im a te  the  com posi t ion  
dependence o f  m a te r i a l  c o n s ta n t s .
A part from a s e p a r a te  d i s c u s s io n  o f  th e  p r e s s u r e  dependence o f  
th e  e f f e c t i v e  mass o f  e l e c t r o n s ,  l i g h t  h o le s  and heavy h o le s  th e  
expec ted  p r e s s u re  dependence o f  o th e r  m a te r i a l  p a ram ete rs  w i l l  be 
g iven  to g e th e r  w ith  t h e i r  com position  dependence in  fo l lo w in g  s e c t i o n s .
4 .2 .  P o la r  O p t ic a l  Phonon Tem peratures
There have been s e v e ra l  i n v e s t i g a t i o n s  o f  th e  v i b r a t i o n a l  p r o p e r t i e s  
o f  th e  q u a te rn a ry  u s in g  F a r - I n f r a - r e d  r e f l e c t i v i t y  m easurem ents.
('391
Measurements have been r e p o r te d  by Dologinov e t  a l v J a t  y = 0 .3  and by
Z inger  e t  a l ^ ^  a t  y = 0 .5 8 ,  who a l so  measured a n o n - l a t t i c e  matched
. . (4i 'j
com position  x = 0 .1 1 ,  y = 0 .6 5 .  A m irthara j e t  a l  J have r e c e n t l y  
r e p o r te d  measurement on l a t t i c e  matched samples co v er in g  th e  c o m p o s i t io n  
range  y = 0 . 2 2  to  y = 0 . 6 6 , however, th e r e  a re  s e v e ra l  d i s c r e p a n c ie s  i n  
t h e i r  r e s u l t s  w ith  samples o f  s i m i l a r  com position  showing th e  p re s e n c e  o f  
d i f f e r e n t  phonon modes. P in czu ik  e t  a l ^ ^  s tu d ie d  the  a l l o y  u s in g  
Raman s c a t t e r i n g  measurement and i n t e r p r e t e d  the  r e s u l t s  i n  term s o f
TABLE 4 .1 .
V alues o f  p h y s ic a l  p a ram e te rs  o f  b in a ry  compounds used as a b a s i s  
f o r  i n t e r p o l a t e d  e s t im a te s  o f  th e  p a ra m e te rs  in  th e  q u a te rn a ry  a l l o y .
InAs InP GaAs GaP
a x 1 0 1 0 [m] 6.059 5.869 5.654 5.451
k x 1 0 6 [b a r _1] 1.72 1.38 1.34 1 .13
e* /e 0 . 2 2 0 .27 0 . 2 0 0 .24
m£/m h o 0 .6 0 0 .85 0 .62 0 .7 9
mV mo 0 .027 0.089 0.074 0 .14
e[k] 350 498 421 582
M x 102 6 [kg] 7.4 3.99 5.92 3.515
eo 14.55 12.35 12.9 1 1 . 1
u[m s - 1 ] 3090 3810 3900 4760
P [kg m- 3 ] 5667 4787 5307 4130
HAC[eV] 3.2 3 .6 3 .5 3 .5
I-N1,0 [eVl 5 .7 6 .3 6 .5 6 .7
A„[eV] 0 .3 8 0 .1 3 0 .34 0 .08
The u n i t s  used p e rm it  th e  p a ram e te rs  to  be a p p l ie d  d i r e c t l y  to  th e  
e q u a t io n s  g iven in  th e  t e x t  f o r  c a l c u l a t i o n  o f  m o b i l i t i e s  in  cm2 V"1s " 1. 
Where a p p r o p r ia t e ,  th e  e q u a t io n s  have been m od if ied  from th e  form in  
which th e y  were o r i g i n a l l y  p u b l i sh e d  so t h a t  a c o n s i s t e n t  s e t  o f  u n i t s  
can be a p p l ie d .
a pseudo two mode b eh av io u r  a l th o u g h  th ey  d id  see  some ev idence  f o r  
o th e r  modes. P ic k e r in g  J has made a d e t a i l e d  s tu d y  o f  th e  r e f l e c t i v i t y  
s p e c t r a  on L .P .E . m a te r ia l  covering  th e  e n t i r e  com position  ran g e .  The 
spec trum  f o r  a t y p i c a l  sample w ith  y = 0 .5  i s  shown in  F ig .  4 .1  and can 
be e x p la in e d  in  terms o f  a fo u r  phonon mode v a r i a t i o n .  Each phonon mode 
could  be a s s o c i a t e d  w ith  InAs, GaAs, InP and GaP l i k e  v i b r a t i o n s .  The 
com position  dependence o f  th e  phonon modes i s  shown in  F ig .  4 .2 .
O ther in fo rm a t io n ,  such as m o b i l i ty  can a l so  be o b ta in e d  from th e  
I n f r a - r e d  r e f l e c t i v i t y  measurements when a t h e o r e t i c a l  f i t  i s  made to  the  
measured s p e c t r a .  The o s c i l l a t o r  s t r e n g th s ,  o f  th e  fo u r  modes were found 
to  be p r o p o r t i o n a l  to  th e  p a i r  c o n c e n t r a t io n s  i . e .  the  o s c i l l a t o r  s t r e n g t h  
f o r  InP i s  p ro p o r t i o n a l  to  (1 -x ) (1 -y )  as shown in  F ig . 4 .3 .  For t h i s  
r e a s o n ,  i n  the  p r e s e n t  work, an e f f e c t i v e  phonon was c a l c u l a t e d  f o r  th e  
q u a te rn a ry  by w e ig h t in g  th e  b in a ry  phonon te m p era tu res  w ith  the  
a p p r o p r ia te  p a i r  c o n c e n t r a t i o n s .
The com position  dependence o f  th e  LO phonon te m p era tu re  was 
c a l c u l a t e d  from
0 (x ,y )  = ( 1 -x ) (y  Qx + (1-y) 0 2) + x (y ©3  + (1 -y )  04) 4 .1
where 0^, ©2 , 0^ anc* ®4 a re  P ° l a r  phonon te m p era tu re s  f o r  InAs, InP,
(44)GaAs.and GaPv , r e s p e c t i v e l y  and a re  g iven  in  Table 4 .1 .
The v a r i a t i o n s  o f  th e  LO and TO zone c e n t r e  phonon te m p e ra tu re s  in  
G a P ^ ^  and I n P ^ ^  have been measured as a fu n c t io n  o f  h y d r o s t a t i c  
p r e s s u r e .  Both measurements concluded t h a t  the  change o f  th e  phonon 
tem p era tu re  was about 2% to  15 k b a r .  As th e re  have been no measurements 
o f  gp- in  the  q u a te rn a ry  so i t  i s  assumed t h a t  th e  v a r i a t i o n  w i l l  be s i m i l a r .
4 ,3 .  E le c t ro n  E f f e c t i v e  Mass
The e f f e c t i v e  mass o f  e l e c t r o n s  in  the  co n d u c tio n  band o f  
GalnAsP l a t t i c e  matched to  InP has been measured f o r  s e v e r a l  samples 
a c ro s s  the  a l lo y  range by N ico las  e t  a l ^ ^ .  The e f f e c t i v e  mass
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was determ ined  u s in g  th e  magneto-phonon e f f e c t  in  which o s c i l l a t i o n s
o f  th e  second d i f f e r e n t i a l  o f  r e s i s t a n c e  a re  measured as a f u n c t io n  o f
m agnetic  f i e l d .  This method can be used , p ro v id ed  th e  sample i s  pure.
enough t h a t  an e l e c t r o n  can  com plete a t  l e a s t  one o r b i t  b e fo re  i t  i s
s c a t t e r e d  and p ro v id ed  th e  L.O. phonon frequency  i s  known. As th e re  i s
more th a n  one L.O. phonon p r e s e n t  in  th e  q u a te rn a ry  a l l o y  th e  a n a l y s i s  i s
more complex, however, th e  e f f e c t i v e  mass o f  e l e c t r o n s  was de te rm ined
and found to  v a ry  l i n e a r l y  w ith  com posi t ion ,  as shown i n  F ig .  4 .4 ,  from
O.OSin in  InP to  0 .04  in  In n rTGan ^ A s .  ■ , ■ o 0 .53  0 .47
In  a d d i t io n  to  the  magneto-phonon e f f e c t ,  c y c lo t ro n  resonance  and 
Shobinkov de Haas o s c i l l a t i o n  am plitudes  were a lso  used to  de te rm ine  
th e  e l e c t r o n  e f f e c t i v e  mass on a s e l e c t e d  sample. A ll  th r e e  methods 
gave e x c e l l e n t  agreem ent and d i f f e r e d  by more than  20% from th e  r e s u l t s  
o f  R e s to f f  e t  a l ^ ^  which a re  now b e l ie v e d  to  be i n c o r r e c t .
4 .4 .  L igh t  and Heavy Hole E f f e c t iv e  Masses
To d a te  t h e r e  has been no e x p e r im en ta l  i n v e s t i g a t i o n  o f  l i g h t  and 
heavy h o le  e f f e c t i v e  masses in  th e  q u a te rn a ry ,  a l th o u g h  A la r i  e t  a l ^ ^  
have made two measurements a t  the  t e r n a r y  boundary. From h i s  d a ta  th e  
heavy h o le  e f f e c t i v e  mass, — , was c a l c u l a t e d  to  l i e  i n  th e  range
A  : m° k0 .38  < — ■ < 0 .62  and the  l i g h t  h o le  e f f e c t i v e  mass, — i n  th e  range
0 m* mo
0.049 < —  < 0 .054 .mo
The e f f e c t i v e  mass o f  l i g h t  h o le s  i s  very  c l o s e l y  r e l a t e d  to
t h a t  o f  e l e c t r o n s  and i t  t h e r e f o r e  seems re a so n a b le  to  assume t h a t  —mo
w i l l  vary  l i n e a r l y  w ith  com p o si t io n ,  as does m*,from 0 .089  a t  y = 0 to
* cm*
0.049 a t  y = 1. The magnitude o f  —  a t  the  t e r n a r y  boundary  i s  found
m*1 o
by l i n e a r l y  i n t e r p o l a t i n g  - —  f o r  GaAs and InAs as g iven  in  Table 4 .1
m* 0  ('so')t o g e th e r  w ith  _J_ f o r  InP and GaP as g iven by Law aetzv J . As was shown
. mo m*in  S e c t io n  3 .7  _J_ does n o t  p la y  an im p o r ta n t  p a r t  i n  d e te rm in in g  th e
m0  K
t r a n s p o r t  p r o p e r t i e s  o f  h o le s  when i t  i s  much s m a l le r  th a n  — .
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Figure 4.A- Measured electron effective 
mass vs. composition.
mhDue to  la ck  o f  e x p e r im en ta l  ev idence  i t  was assumed t h a t  —  a l s o
o
v a r i e s  l i n e a r l y  w ith  com position  from 0.85  a t  y = 0 t o . 0 .61  a t  y = 1.
m*
Again th e  v a lu e  o f  —  a t  th e  t e r n a r y  boundary was found by l i n e a r  i n t e r -
mh 0 ('50')
p o l a t i o n  o f  —  f o r  InAs and GaAs as g iven  by Lawaetz^- J and l i s t e d  in
o
Table 4 .1 .
in* m* m*il 1 6The v a r i a t i o n  o f  — , ■—  and —  w ith  com position  has in  f a c t  beenm * m m ro o o
c a l c u l a t e d  in  S e c t io n  4 . 9 . 5 ,  which d is c u s s e s  th e  p r e s s u r e  dependence o f
th e  e f f e c t i v e  m asses. A l i n e a r  v a r i a t i o n  f o r  a l l  th r e e  e f f e c t i v e
masses was o b ta in e d  and th e re  was good agreem ent between th e  c a l c u l a t e d
and e x p e r im e n ta l ly  measured e l e c t r o n  e f f e c t i v e  masses g iv in g  one
co n f id en ce  i n  the  assum ptions  made. Although i t  i s  b e l ie v e d  t h a t  th e
dm*
r a t e  o f  change o f  th e  heavy h o le  e f f e c t i v e  mass, , can be c a l c u l a t e d
’ ' mha c c u r a te l y  th e  a b s o lu te  v a lu e  o f  —  i s  d i f f i c u l t  to  o b ta in  even u s in g
o
th e  f iv e  l e v e l  k .p  method. In  f a c t  th e  l e s s  a c c u ra te  t h r e e  l e v e l  k .p  model 
g iv es  m£ = m  ^ f o r  a l l  compounds w h i l s t  i t  i s  s u f f i c i e n t l y  a c c u r a te  f o r  
th e  c a l c u l a t i o n  o f  m*. I t  was t h e r e f o r e  dec ided  to  use th e  l i n e a r l y  
i n t e r p o l a t e d  v a lu es  f o r  t r a n s p o r t  a n a l y s i s .
4 .5 .  Mass D ensity  and U nit C e ll  Mass
The mass d e n s i t i e s ,  p, o f  th e  b in a ry  compounds t h a t  form the
C44V
q u a te rn a ry  a re  g iven  by Neuberger^ 3 and l i s t e d  in  Table 4 .1 .  The
mass d e n s i t y ,  p, can be found from
M , „ „
p “ ft 4 . 2 .
where M i s  u n i t  c e l l  mass and ft the  volume o f  th e  u n i t  c e l l .  The av e rag e
atom ic mass in  th e  u n i t  c e l l  i s  g iven by th e  w eigh ted  f r a c t i o n  o f  the
u n i t  c e l l  masses o f  th e  component compound i . e .
M(x,y) = ( l-x )(y M 1 + (l-y )M 2) + x (yM3 + (1-y) M4) 4 .3 .
where M^  i s  the  u n i t  c e l l  mass o f  InAs, M2 o f  InP, M^  o f  GaAs and M^  o f
(44')
GaP a re  g iven by Neuberger^ J and l i s t e d  in  T ab le  4 .1 .  Using e q u a t io n  
4 .2  th e  mass d e n s i ty  o f  th e  q u a te rn a ry  can be found as a fu n c t io n  o f
com position  from th e  l a t t i c e  c o n s ta n t  o f  th e  component compounds and 
t h a t  o f  th e  q u a te rn a ry ,  which i s  independen t o f  com position  and equal 
to  t h a t  o f  InP.
a. a a 4
p (x ,y )  -  ( l - x ) ( y p 1( —- ) 3+ ( l - y ) p 2)+ x (yp3 (— ) 3+ ( l - y ) p 4 ( j - ) 3) 4 .4
2 2  j
where p^, p2 , p3 and p^ a re  th e  mass d e n s i t i e s  o f  InAs, InP, GaAs and GaP
r e s p e c t i v e l y  and a ^ ,  a 2 , a 3 and a 4 a re  th e  l a t t i c e  c o n s ta n t s  f o r  InAs,
InP, GaAs and GaP r e s p e c t i v e l y .
P re s s u re  does n o t  change th e  d e n s i t y  up to  15 kbar  by more th an
1^(51) ^ c o n s id e re d  to  be in d ep en d en t o f  p r e s s u r e .
4 .6 .  The Average Sound V e lo c i ty
The average  sound v e l o c i t y ,  u ,  was o b ta in e d  by l i n e a r  i n t e r p o l a t i o n
(44)
o f  th e  b in a ry  c o n s t i t u e n t s  as g iven  by N eubergerv J and l i s t e d  in  
Table 4 .1 .
u i s  r e l a t e d  to  an average  l a t t i c e  c o n s ta n t  "C-," by th e  r e l a t i o n  
C 1
u 2 = —  4 .5
P
c o n s id e r in g  sm all changes in  each p a ram e te r  in  eq u a t io n  4 .5  we o b ta in
AC-.1 A A
4 .6Auu
 p_
c 1 ~ P
(52)
I t  i s  ex p ec ted  from th e  measured p r e s s u r e  dependence o f  C44 in  GaAs 
ACi
t h a t  —{— can-be e s t im a te d  to  be abou t 2% to  15 k b ar  and t h a t — w i l l  
1 P
a l s o  in c r e a s e  by a s i m i l a r  amount so t h a t  th e  two w i l l  p ro b a b ly  com pensate 
each o th e r  l e a d in g  to  l i t t l e  change in  u.
4 . 7 .  The D i e l e c t r i c  C onstan ts  and e— - —  - ■ m ----- ——;-------  O -------- oo
The s t a t i c  and h igh  frequency  d i e l e c t r i c  c o n s ta n t s ,  e and e ,O oo
f o r  InAs, GaAs, InP and GaP a re  g iven by N e u b e r g e r ^ ^  and l i s t e d  in
Table  4 .1 .  The v a r i a t i o n  o f  eQ and w ith  com position  i s  n o t  known b u t
(53)one can o b ta in  an i n s i g h t  by s tu d y in g  e q u a t io n  4 .7 .  J
M i s  th e  reduced  mass, ft th e  volume o f  th e  u n i t  c e l l  (which i s  c o n s ta n t  
f o r  a l l  y ) , th e  L.O. phonon frequency  and e * is  th e  C a l len  e f f e c t i v e
C44')
charge  g iven  by N euberger^ ' and l i s t e d  in  Table 4 .1 .  e* i s  p r o p o r t i o n a l  
to  th e  excess  time e l e c t r o n s  spend around th e  group V atoms which w i l l  
be dependent upon i t s  n e a r e s t  n e ighbour and hence th e  f r a c t i o n  o f  m a te r i a l  
p r e s e n t .  For t h i s  rea so n  e* , f o r  th e  q u a te rn a ry ,  i s  o b ta in e d  by l i n e a r  
i n t e r p o l a t i o n  o f  th e  b in a ry  compound v a lu e s .  Knowing th e  v a r i a t i o n  o f  
a l l  th e  p a ra m e te r s ,w i th  y , on th e  r i g h t  hand s id e  o f  e q u a t io n  4 .7  i t  
s t a t e s  t h a t  th e  l e f t  hand s id e  w i l l  v a ry  in  a s im i l a r  manner i f  th e  
d i e l e c t r i c  c o n s ta n t  i s  c a l c u l a t e d  u s in g  l i n e a r  i n t e r p o l a t i o n  o f  th e  
b in a ry  compounds a l s o .
The change in  th e  d i e l e c t r i c  c o n s ta n t  w ith  p r e s s u r e  can be e s t im a te d  
from th e  r e l a t i o n
= i  ^5. 4  8
e dP - dP ‘oo n
where h i s  th e  r e f r a c t i v e  index ,  i  has been c a l c u l a t e d  by Tsay e t  a l ^ ^
f o r  a number o f  sem ico n d u c to rs ,  th e  v a lu e s  g iven  fo r  th e  b in a ry  c o n s t i t u e n t s  
o f  th e  q u a te rn a ry  a r e  abou t - 0 .4  x 10" 3 -k b a r” 1. . Using t h i s  v a lu e  one can
e s t im a te  t h a t  em w i l l  d e c re a se  by a b o u t 1% to  15 k b a r .  I t  i s  assumed t h a t
e w i l l  a l s o  d e c re a se  by a s i m i l a r  amount.
4 .8 .  A cous tic  and O p t ic a l  Deformation P o t e n t i a l s  in  th e  Valence Band
The a c o u s t i c  de fo rm a tion  p o t e n t i a l  E^, and o p t i c a l  d e fo rm a tio n  p o t e n t i a l  
^NPO* t *ie v a lcnce  band, are  p a ram ete rs  used  to  s im p l i fy  th e  complex n a t u r e  
o f  the  s c a t t e r i n g  mechanisms from which th e  h o le  m o b i l i t i e s  a r e  o b ta in e d .
The m agnitudes o f  and f o r  the  b in a ry  compound a r e  g iven  by Wiley
and l i s t e d  in  Table 4 .1 .  The p o t e n t i a l s  l i s t e d  a re  n o t  i n  f a c t  th e  
a b s o lu te  defo rm ation  p o t e n t i a l  b u t  in c lu d e  terms to  acc o u n t f o r  th e  n o n -eq u a l
a n g u la r  s c a t t e r i n g  t h a t  r e s u l t s  from th e  a n i s o t r o p ic  h o le  wave f u n c t io n ,  
u n l ik e  e l e c t r o n s  in  th e  conduction  band which have i s o t r o p i c  wave fu n c t io n s .  
Because th e  defo rm a tio n  p o t e n t i a l s  c o n ta in  th e se  f a c t o r s  i t  was dec id ed  
to  c a l c u l a t e  the  q u a te rn a ry  de fo rm a tion  p o t e n t i a l s  in  th e  s im p le s t  p o s s i b l e  
manner i . e .  w eight each b in a ry  p o t e n t i a l  by th e  amount o f  m a te r i a l  p r e s e n t .
I t  i s  n o t  assumed t h a t  and E ^ , w i l l  va ry  w ith  h y d r o s t a t i c
p r e s s u r e  by any n o t i c e a b l e  amount as th e  v a len ce  band i s  r e l a t i v e l y  
i n s e n s i t i v e  compared w ith  t h a t  o f  th e  conduc tion  band.
4 .9 .  E f f e c t s  o f  P re s s u re  on Band S t r u c t u r e
4 . 9 .1 .  I n t r o d u c t io n
When h y d r o s t a t i c  p r e s s u r e  i s  a p p l ie d  to  a sem iconducto r  t h e r e  i s  
a change in  th e  e l e c t r i c a l  p r o p e r t i e s  o f  th e  m a t e r i a l .  A l o t  o f  th e  
i n i t i a l  work and i n t e r p r e t a t i o n  on th e  e f f e c t s  o f  h y d r o s t a t i c  p r e s s u r e  
i s  a t t r i b u t e d  to  Paul and Drickamer ^  ^  who showed t h a t  changes in  
the  e l e c t r i c a l  p r o p e r t i e s  cou ld  be c l o s e l y  r e l a t e d  to  changes i n  th e  
energy  band s t r u c t u r e .
The p r i n c i p a l  p o in t s  o f  symmetry o f  th e  band s t r u c t u r e  o f  a 
h y p o th e t i c a l  I I I - V  compound a r e  i l l u s t r a t e d  in  F ig .  4 .5 .  The degeneracy  
o f  th e  v a len ce  band maximum can be l i f t e d  by ap p ly in g  u n i a x i a l  s t r e s s ;  
th u s  d e s t ro y in g  th e  cub ic  symmetry. When p u re ly  h y d r o s t a t i c  p r e s s u r e  
i s  a p p l ie d  t h e r e  i s  no change in  the  c r y s t a l  symmetry and o n ly  a sm all  
change in  th e  p r o p e r t i e s  o f  th e  va len ce  band; as w i l l  be shown in  S e c t io n
4 . 9 .5 .  The conduc t ion  band has th r e e  minima (T-X-L) each o f  which may be 
low es t  and i f  th e re  a re  no o th e r  bands in  c lo s e  p ro x im ity  th e  lo w e s t  band 
w i l l  w holly  de term ine  th e  e l e c t r i c a l  p r o p e r t i e s  o f  an n - ty p e  sem iconduc to r  
a t  low e l e c t r i c  f i e l d s .
Paul and D r ic k a m e r^ ^  ^  have shown t h a t  th e  change in  e l e c t r i c a l  
p r o p e r t i e s  can be e x p la in ed  by c o n s id e r in g  changes in  th e  th r e e  energy  
l e v e l s .  From t h e i r  r e s u l t s  they  fo rm u la ted  a sem i-em p er ica l  r u l e  t h a t
en
er
gy
Figure 4.5 Principal points of band 
structure with approximate pressure 
coefficients indicated.
was s u f f i c i e n t  to  e x p la in  th e  change in  e l e c t r i c a l  p r o p e r t i e s  and was
r e l a t i v e l y  independen t o f  th e  m a t e r i a l .  Namely t h a t  th e  p r e s s u r e
c o e f f i c i e n t s  r e l a t i v e  to  th e  v a len ce  band a re  -  + 12yeV b a r - 1  f o r  th e
conduc t ion  band minimum, -  + 5yeV b a r - 1  f o r  th e  co n d u c tio n  band minima
and -  -1.5yeV b a r _1f o r  th e  conduc t ion  band minima. S in ce  t h i s  e a r l y
work th e r e  has been c o n s id e ra b ly  more i n v e s t i g a t i o n  o f  th e  p r o p e r t i e s  o f
I I I - V  compounds under p r e s s u re  r e f i n i n g  th e  e a r l i e r  c o n c lu s io n  o f  Paul 
f 55-5 7")and Drickamer'- The p r e s s u r e  c o e f f i c i e n t s  o f  th e  energy  minima
have now been measured to  a g r e a t e r  accu racy  and do in  f a c t  show a 
d i f f e r e n c e  from compound to  compound as shown in  Table 4 : 2 ^ ^ ,  n e v e r th e ­
l e s s  th e  r e l a t i v e  m agnitudes g iven  by Paul and D r ic k a m e r^ ^  ■ 
rem ain unchanged.
The d i f f e r e n c e  i n  p r e s s u r e  c o e f f i c i e n t s  can be p a r t l y  u n d e rs to o d  
by th e  d i f f e r e n t  m a te r i a l  c o m p r e s s i b i l i t i e s .  I f  th e  c o m p r e s s i b i l i t y  i s  
sm all th e re  w i l l  be a sm all  change in  th e  volume, and hence a sm a ll  
change in  the  in t e r a to m ic  sp ac in g  which governs th e  s i z e  o f  the
c o n t r i b u t i o n  o f  th e  homopolar p a r t  o f  th e  energy  gap, E , however i f
o ,h
th e  c o m p r e s s ib i l i t y  i s  l a rg e  th e  in t e r a to m ic  sp ac in g  changes more 
r a p i d l y  g iv in g  a l a r g e r  p r e s s u r e  c o e f f i c i e n t .
4 . 9 .2 .  E xperim enta l D e te rm ina tion  o f  P re s s u re  C o e f f i c i e n t s  o f  th e  Q u a te r ­
n a ry  A l lo y .
('59')Measurements were made by P a te l  J o f  th e  p r e s s u r e  dependence
o f  th e  p h o to c o n d u c tiv e  edge u s in g  a p i s t o n  and c y l in d e r  a p p a ra tu s  w ith  
a s a p p h ire  window. L igh t from a Mini-Spex s ta n d a rd  g r a t i n g  s p e c t ro m e te r  
was guided  through th e  h igh  p r e s s u re  c e l l  to  th e  s a p p h ire  window u s in g  an 
o p t i c a l  f i b r e  bu n d le .  The l i g h t  was chopped a t  a f ix e d  f requency  between 
15 and 200Hz, and th e  p h o to - c u r r e n t  induced  in  th e  sample was m easured 
u s in g  a B rookdea l-p re  a m p l i f i e r  and phase  s e n s i t i v e  d e t e c t o r .  A s w i f t  
r i s e  in  th e  p h o to - c u r r e n t  enab led  th e  o n s e t  o f  d i r e c t  in t e r b a n d  t r a n s i t i o n
TABLE 4 . 2 .
dE
^p— x 106 eV /bar
dE
^p— x 106 eV /bar
dE
3 p-*x 106 eV /bar
Ge 14.2  ± 1 . 2 5  , ' -1*5
GaAs 11.2 ± 0 .5 — - 2-1
InAs 1 0 — —
GaP 10.7 — - R
InP 8 . 8  ± 0 .3 . —
to  be measured p r e c i s e l y .  The change in  th e  shape o f  th e  p h o to -
dE
co n d u c tiv e  edge w ith  p r e s s u r e  was n e g l i g i b l e  so ^ 5— co u ld  be measured 
w ith  accu racy  w ith o u t  r e s o r t i n g  to  d e t a i l e d  a n a ly s i s  to  de te rm ine  EQ 
from th e  edge shape .
dE
The measured v a r i a t i o n  o f  ^p— w ith  com position  i s  shown in  F ig .  4 .6 .
dE
Of p a r t i c u l a r  i n t e r e s t  a r e  th e  la rg e  v a lu e s  o f  ^ 5— n e a r  y = 1 s in c e  v a lu e s
o f  th e  b in a ry  compounds, InAs and GaAs, t h a t  form th e  t e r n a r y  have
v a lu e s  between 10 and l ly eV  b a r - 1 . The dashed  l i n e  shown i n  F ig .  4 .6
i s  th e  r e s u l t  o f  a l i n e a r  i n t e r p o l a t i o n  p ro ced u re  used  to  c a l c u l a t e  th e
p r e s s u r e  c o e f f i c i e n t s  o f  th e  q u a te rn a ry  from th e  b in a ry  c o e f f i c i e n t s . .
C le a r ly  i t  i s  n o t  s u f f i c i e n t  to  e x p la in  th e  v a r i a t i o n  o f  th e  p r e s s u r e
c o e f f i c i e n t s  w ith  com position .  In  o rd e r  to  e x p la in  th e s e  r e s u l t s ,  a
dEot h e o r e t i c a l  d e te rm in a t io n  o f  -jp— was u n d er ta k en  u s in g  th e  quantum 
d i e l e c t r i c  th e o ry  o f  P h i l l i p s  and Van-Vechten.
4 . 9 .3 .  T h e o re t ic a l  D ete rm ina tion  o f  th e  D ir e c t  Band Gap P re s su re  
C o e f f i c i e n t
The in te r b a n d  energy  separation a t  th e  T -p o in t ,  Eq , i s  d e f in e d  by
e q u a t io n  2 .13  as
Eo ■ (Eo ,h  -  (DAV-« aEo ) ( 1  + 4 - 9o,h
Eq ^ is  the homopolar p a rt  of the energy gap which depends only on
d -2.75
l a t t i c e  sp a c in g ,  E ,  =■ E ,  _ .  (-3— )  ,  and can t h e r e f o r e  be tak enr  o ,h  o ,h  S i  dQ. /O 1
equal to Eq ^ for InP across the a lloy  range a t  atmospheric pressure.
The term (D ^-l)  AEq takes into account the narrowing of the band gap
associated with the presence of d-core electrons. The energy AEq is
. d 5.07again only a function of nearest neighbour distance, AE = AE — ) “o o Si d .Si
and is  therefore equal to AEq for InP across the alloy range a t  atmospheric 
pressure. The value of was determined from the re la tio n
°AV = I (^ 1 C1_x) + D2x) + | ( D 2y  + D3 ( l - y ) )  4 .1 0
T heory
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12-0 -
P ressu re  
coeff ic ient  
(yueVb-1)
100
f
y
0 0 0 2  0-4 0-6 0-8
Composition parameter y
0-10
Figure 4.6 Direct energy gap pressure 
coefficient vs. composition.
where D^, D2 and D3  a re  th e  D v a lu e s  f o r  InSb, GaAs and A1P r e s p e c t i v e l y  
as g iven  i n  Table 2 .2 .  The j u s t i f i c a t i o n  f o r  u s in g  e q u a t io n  4 .1 0  i s  
. a s - f o l l o w s . - . When c a l c u l a t i n g  D^y f o r  skew compounds, i . e .  th o s e  whose 
elem ents  a r e  n o t  on th e  same row o f  the  p e r io d ic  t a b l e ,  th e  D^y va lue  
i s  found by va len ce  w e ig h tin g  the  D v a lu es  f o r  th e  compound c o n ta in in g  
th e  c o n s t i t u e n t  atom and th e  c o r re sp o n d in g  atom from th e  same row o f  th e  
p e r io d i c  t a b l e .  I f  we c o n s id e r  e q u a t io n  4 .1 0  when x = y = 0 then
= I D, + 1 D. 4.11'AV 8 "1 T 8 ~3
which i s  th e  v a lu e  o f  D^y f o r  InP. A ll  th e  group I I I  l a t t i c e  s i t e s
have Indium and a l l  th e  group V l a t t i c e  s i t e s  have Phosphorous. As we
b eg in  to  in t ro d u c e  Gallium in to  th e  c r y s t a l ,  we b eg in  to  lo s e  Indium.
The f r a c t i o n  o f  Indium now p r e s e n t  i s  (1-x) where x i s  th e  f r a c t i o n  o f
Gallium. o n ly  c o n t r i b u te s  tow ards th e  Indium term when c a l c u l a t i n g
D^y f o r  InP th e r e f o r e  one shou ld  w eigh t t h i s  term  by (1 -x )  and in t ro d u c e
th e  term  which accoun ts  f o r  th e  amount o f  Gallium p r e s e n t  i . e .
D... f o r  In ,  Ga P i s  then  g iven  by AV 1-x  x b J
D^y = (1-x) + XD2  + 4 .12
The same argument a p p l i e s  to  th e  V l a t t i c e  s i t e s ,  as Phosphorous 
i s  removed and we b eg in  to  in t ro d u c e  a  f r a c t i o n  y o f  A rse n ic .  The 
f r a c t i o n  o f  Phosphorous p r e s e n t  i s  (1-y)  th e r e f o r e  one sh o u ld  w e ig h t 
by (1-y) in  e q u a t io n  4 .12  and in t ro d u c e  th e  term yD2  to  accoun t f o r  th e  
amount o f  A rse n ic .
dEoThe p r e s s u r e  c o e f f i c i e n t  o f  th e  d i r e c t  band gap, —-rp- , can then
be de term ined  from e q u a t io n  4 .9  by d i f f e r e n t i a t i o n .  This i s  g iv en  by 
Camphausen e t  a l  as
dE
dP 1 > c r ” }o ,h
‘
1 +
dE , d ^DAV"1^- AE ---- ^ --------- (D...-1)dp 0  dP v AV
E . \ 2 o ,h
C/
1 dC 
C dP
dE
dAE
(
~ w
o,h
E ' dP o ,h
4 .1 3
Camphausen e t  a l   ^ have a rgued  t h a t  .= 0 and M a r t i n e z i n d i c a t e s  
t h a t  i t  i s  in  any case  n e g l i g i b l e  compared to  o th e r  v a r i a b l e s  in
e q u a t io n  4 .1 3 .  The magnitude o f  C was de te rm ined  d i r e c t l y  u s in g  eq u a t io n
(60)
4 .9  and th e  e x p e r im en ta l  v a lu e s  o f  E : shown i n  F ig .  4 .7 .  To
de te rm ine  th e  p r e s s u r e  dependence o f  D.v , we w r i t e  i t  i n  th e  form
d ^  X
Si-
d - y  4 .14
where d<,  ^ i s  th e  n e a r e s t  n e ig h b o u r  d i s t a n c e  i n  S i l i c o n  and th e  i o n i c i t y
f a c t o r  f^ i s  g iven by
r 2
f .  = -—  --------- 4 .15
1 E2 + C2
dEo h ° ’ dAEo d (DAv-1 )
To de term ine  " ~ and — —tr   we must in t ro d u c e  th edP dP dP
c o m p r e s s ib i l i t y .  U n fo r tu n a te ly  to  d a te ,  no measurements o f  th e  
c o m p r e s s ib i l i t y  o f  th e  q u a te rn a ry ,  k , have been p u b l i s h e d  so th e  l i n e a r  
i n t e r p o l a t i o n  p ro ced u re  was used  to  c a l c u l a t e  k from th e  b in a ry  
compound v a lu e s .  The c o m p r e s s ib i l i t y  o f  th e  b in a ry  compounds t h a t  form th e
q u a te rn a ry  a re  g iven by Camphausen e t  a l  and l i s t e d  i n  T ab le  4 .1 .
The change o f  EQ AEq and (D^y-1) w ith  p r e s s u r e  a r e  d e r iv e d  in  
Appendix A and a re  g iven  as
dEo h d -2 .7 5= 3.578k ( | — ) 4 .16
Si
dAEo d - 5 . 0 7
. -gp2- = 21.63k ( 2— ) 4 .1 7
Si
d(DAV~i:) . . /7.156X C2  , d  - ? - 7 5  y \  .
dP '  AV'  % y CZ) E o ,h  dS i V
By c o n s id e r in g  th e  measured p r e s s u r e  c o e f f i c i e n t s  f o r  Ge, InP, ZnS
and GaAs good agreem ent i s  o b ta in e d  w ith  Y = 13 .3  and X = 2 .1 .  The
dE
r e s u l t i n g  v a r i a t i o n  in  th e  p r e d ic te d  v a lue  o f  ^p— w ith  y i s  shown by
th e  s o l i d  curve in  F ig .  4 .6 .  As can be seen ,  ex ce p t  f o r  th e  p o i n t  a t
y = 0 .6 4 ,  r e a so n a b le  agreement i s  o b ta in e d  between th e o ry  and experim en t
dE
even n e a r  y = 1 where th e  measured v a lu e  o f  -^p^- i s  c o n s id e r a b ly  l a r g e r
0.7,0 composition (y)
Figure 4.7 Measured composition 
^dependence of direct band gap
C(eV)
0-5 1
composition (y)
Figure 4.8 Electronegativity difference 
(C) vs. composition (y).
dE
than  th e  i n t e r p o l a t e d  v a lue  o f  o f  th e  c o n s t i t u e n t  b in a ry  compounds.
As e x p la in e d  e a r l i e r  in  t h i s  s e c t i o n ,  th e  com position  dependence 
o f  th e  e l e c t r o n e g a t i v i t y  d i f f e r e n c e ,  C, was c a l c u l a t e d  from th e  measured 
d i r e c t  energy  gap and e q u a t io n  4 .9 .  The c a l c u l a t e d  v a r i a t i o n  i s  shown 
i n  F ig .  4 .8  and i t  i s  worth  n o t in g  th e  r a p id  d e c re a se  tow ards th e  
t e r n a r y  boundary. U n fo r tu n a te ly  th e  im p l ic a t io n  o f  th e  d e c re a se  in  
r e l a t i o n  to  t r a n s p o r t  a n a l y s i s  i s  n o t  y e t  u n d e rs to o d  though one might 
e x p ec t  some r e l a t i o n  between C and th e  e le c tro n -p h o n o n  co u p l in g  c o n s ta n t .  
In  which case  i t  would p o in t  to  a much weaker co u p l in g  between e l e c t r o n s  
and phonons in  h igh  y m a te r i a l .
4 . 9 . 4 .  P re s s u re  Dependence o f  th e  E le c t ro n  E f f e c t iv e  Mass
u
(6)
The e f f e c t i v e  mass, m*, o f  e l e c t r o n s  in  th e  r 9  ^ minimum may be© z
r e l a t e d  to  th e  d i r e c t  energy  gap, Eq , u s in g  th e  k_.p_. th e o ry
4 .19Om* 3e
2 1 +E E +A o o o
where Aq can be re g a rd e d  as a r e l a t i v e l y  sm all  c o r r e c t io n  to  Eq and i t s
v a lu e  can s a f e l y  be re g a rd e d  as c o n s ta n t  w ith  p r e s s u r e  and equa l to  t h a t
o b ta in e d  by l i n e a r  i n t e r p o l a t i o n  o f  Aq f o r  th e  b in a ry  c o n s t i t u e n t s .  Q i s
th e  momentum m a tr ix  co u p l in g  th e  conduc tion  to  th e  v a len ce  band. This  i s
found to  v a ry  l i t t l e  from one I I I -V  compound to  a n o th e r  and can t h e r e f o r e
be reg a rd ed  as c o n s ta n t  over  th e  sm all changes in  l a t t i c e  c o n s ta n t  induced
by p r e s s u r e .  The momentum m a tr ix ,  Q, was de te rm ined  u s in g  th e  e x p e r im e n ta l ly
measured v a lu e s  o f  m * ^ ^  and th e  measured d i r e c t  energy  gap E ;
6  dm* °
shown in  F ig . 4 . 7 .  The assum ptions made to  de te rm ine  — ar e  su p p o r te d
dm*
by d i r e c t  measurement o f  in  GaAs u s in g  th e  magnetophonon e f f e c t ^  .
By com parison Eq can vary  q u i t e  c o n s id e ra b ly  to  15 k bar  as  i n d i c a t e d  by th e  
p r e s s u re  c o e f f i c i e n t s  f o r  th e  q u a te rn a ry  as g iven in  F ig .  4 .6  l e a d in g  to  
an in c r e a s e  i n  th e  e f f e c t i v e  mass.
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Figure 4 9 Normalized change in 
electron effective mass with pressure 
y=0-5(------ ) and y = 0*91 (— -
The c a l c u la te d  v a r i a t i o n  o f  e l e c t r o n  e f f e c t i v e  mass w ith  p r e s s u r e  
i s  shown i n  F ig .  4 .9  f o r  two com posi t ions ;  y = 0 .5  and y = 0 .91  up to  
15 k b a r .
4 . 9 . 5 .  P re s s u re  Dependence o f  Hole E f f e c t iv e  Masses
U n t i l  now th e re  has  been no t h e o r e t i c a l  d i s c u s s io n  o f  th e  p r e s s u r e  
dependence o f  th e  e f f e c t i v e  mass o f  h o le s  which th e r e f o r e  d e se rv e s  to  be 
d is c u s s e d  in  a l i t t l e  more d e t a i l .
C a r d o n a ^ ^  used a f i v e  l e v e l  k_.£ model to  c a l c u l a t e  th e  e f f e c t i v e  
mass o f  e l e c t r o n s ,  l i g h t  h o le s  and heavy h o le s .  L a w a e t z ^ ^  used  a 
s i m i l a r  approach b u t  has d e r iv e d  th e  band-gaps and momentum m a tr ix
e lem en ts  f o r  in d iv id u a l  compounds u s in g  th e  quantum d i e l e c t r i c  th e o ry  o f
C14) C53)Van Vechten and P h i l l i p s  . This i s  p a r t i c u l a r l y  s u i t a b l e  f o r  our
req u ire m en ts  s in c e  i t  in t ro d u c e s  th e  in t e r a to m ic  s p ac in g  in  a d i r e c t  and
s im p le  manner th rough  which th e  p r e s s u r e  c o e f f i c i e n t s  can be c a l c u l a t e d
v i a  th e  c o m p r e s s ib i l i t y .  For th e  va lence  band edge a t  th e  T p o in t  we fo llo w
D re s se lh a u s ,  Kip and K i t t e l ^ ^  and in t ro d u c e  the  p a ram e te rs
These p a ram e te rs  have been c o n s id e ra b ly  s i m p l i f i e d  by ig n o r in g  a l l  
b u t  th e  term s c l o s e s t  in  energy  i . e .  where th e  denom inator i s  s m a l l e s t .  
From th e  above i t  i s  p o s s i b l e  to  f u r t h e r  d e f in e  th e  L u t t i n g e r  v a len ce  
band p a ra m e te r s .
Y ,  =  -  j  (F +  2G + 211 j  + 2H2) -  1  + i - q  4 .25
Y 2  = -  5 - (p + 2°  - l i j  -  1I2) -  j  q 4 .26
Y3 = -  \  (F -  G + Hj -  H2) + | q  4 .2 7
From th e s e  i t  i s  p o s s i b l e  to  c a l c u l a t e  th e  e f f e c t i v e  masses and t h e i r
p r e s s u r e  c o e f f i c i e n t s  by e x p re s s in g  F, G, H£ and q in  term s o f  th e
in t e r a to m ic  sp ac in g .
E
We w r i t e  F = -p£- where En and i t s  p r e s s u r e  c o e f f i c i e n t  a r e  g iven  by 
0
eq u a t io n s  4 .9  and 4 .13
/ dS i VEp = 21.611 ■+ 1 .2 3 (Dav - 1 )]  I  — I [B + ( l-B )Z ]  4 .2 8
where d i s  th e  n e a r e s t  ne ig h b o u r  sp a c in g  o f  the  m a te r i a l  a t  th e  p r e s s u r e
c o n s id e re d  and i s  t h a t  o f  s i l i c o n  a t  a tm o sp h eric  p r e s s u r e .  i s
c a l c u l a t e d  from e q u a t io n  4 .1 0  and i t s  p r e s s u r e  c o e f f i c i e n t  u s in g  e q u a t io n
4 .1 4  •
E1
Hx = -  gE-r  4 .2 9 .
0
where
/d  , \ 2Si
-  X - T . T L X  -  X . X . ^ ^ A V  - X J J  ^ --------------
where Z i s  d e f in e d  as
Ep1 = 14 . 4 [ 1 + 1 2 3 (Dav 1 ) ] \ W  [3 + (.1 -  3) Z] 4 . 3 0
( E '  + E1 J
Z = — 2 4  3 i
6  i *
where
/ N-1 .9 2
C1 i s  1.25C which can be d e r iv e d  from eq u a t io n  4 .9 ,  and i t s  p r e s s u re
c o e f f i c i e n t  i s  zero  as  p o in te d  o u t e a r l i e r .  3 was ta k e n  to  be 0 .5 .
>AVH , = -  0 .1 9 Z [1  + -1 .2 3 (9 , , ,  -  1).] r s i f  4 .3 4
and
/d  > 2
G = -  0 .75Z[1 + 1.23(DAV - 1)] 4 .35
We a re  t h e r e f o r e  i n  a p o s i t i o n  to  c a l c u l a t e  y^, Y2  anc* T 3 t h e i r
p r e s s u r e  c o e f f i c i e n t s .  From th e s e  we o b ta in  m* and m* and t h e i r  p r e s s u r e  
v a r i a t i o n  u s in g
ml
— = (y . + y ) - 1  4 .36m ■ ' lo
raj* V i
and _£. = (Yl _ + o .05yh + 0 .0164y2) 4 .37
o
where y  = (2y2+ 2y2 )* 4 .38
and yh = 6 (y 2  - y | ) / y ( 1  - y) 4 .39
I t  i s  f u r t h e r  p o s s i b l e  to  c a l c u l a t e  th e  e l e c t r o n  e f f e c t i v e  mass
us ing
m
-2. = 1 -  F(1 -  y '  - *) -  2 .0  4 .4 0
e
^ 0
Khere y ' = 3 U I 7 & 7  4 -41
F p ’ -F ’
and ■/ _ B   0 o o,-h
B+(1-3)Z E0 ' - E q 2E0 '
m* m£ m*
Using th e se  e x p re s s io n s  th e  c a l c u l a t e d  v a lu e s  f o r  —  , —  and —1 m * m m
0 0  o
a re  shown as a fu n c t io n  o f  com position  p a ra m e te r  y in  F ig .  4 .1 0 .  I t  i s
w orthw hile  p o in t in g  o u t  t h a t  a l l  e f f e c t i v e  masses c a l c u l a t e d  u s in g  t h i s
method show a l i n e a r  v a r i a t i o n  w ith  com p o si t io n .  The c a l c u l a t e d  p r e s s u r e  
mh m*
v a r i a t i o n s  o f  —  and —  a re  shown in  F ig .  4 .11  f o r  y = 0.64* 0 .8  and 0 .9 1 .  
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CHAPTER 5
APPARATUS AND EXPERIMENTAL PROCEDURES
5 .1 .  Sample P re p a ra t io n
5 . 1 . 1 .  C lover Leaf P re p a ra t io n  by E tc h in g -
C ry s ta l s  to  be e tch ed  were th o ro u g h ly  c leaned  in  warm Methanol 
to  d i s s o lv e  any g rease  and then  t r a n s f e r r e d  i n t o  warm T r i c h l o r a l  ;
E th y len e  to  remove any o th e r  d e p o s i t s  t h a t  may have accum ula ted  p r i o r  
to  p r e p a r a t io n .  The e p i t a x i a l  l a y e r  o f  th e  c lean ed  sample was then  
sp rayed  w ith  a p o s i t i v e  p h o t o r e s i s t  (S h ip p ley  AZ1350H) and spun a t  a 
speed o f  8000 rpm f o r  45 seconds to  o b ta in  a uniform  c o a t in g  o f  approx­
im a te ly  0.3ym th i c k n e s s .  In ■ p r e p a r a t io n  f o r  exposure to  u l t r a  v i o l e t  
l i g h t ,  th e  sample was prebaked  in  an overt a t  80°C f o r  20 m in u tes .  The 
n e g a t iv e  c lo v e r  l e a f  mask was mounted upon the  hardened  p h o t o r e s i s t  and 
exposed to  u l t r a  v i o l e t  l i g h t  f o r  1 0  m inutes and then  developed  in  a 
100:1 m ix tu re  o f  ^ 0  and NaOH a f t e r  which th e  unexposed r e s i s t  cou ld  be 
washed away. The p h o t o r e s i s t  rem ain ing  was f u r t h e r  hardened  by bak ing  f o r  
30 m inutes a t  120°C making i t  r e s i s t i v e  to  th e  m a te r i a l  e t c h ,  a m ix tu re  o f  
^ S O ^ ,  H2 O2  and ^ 0  in  the  r a t i o  1 :1 :7  which had an e tc h  r a t e  o f  
app rox im ate ly  2.0ym/min a t  50°C. A f te r  th e  sample has been immersed in  th e  
e tc h  f o r  a time long enough to  remove th e  e x p i t a x i a l  l a y e r  and about 
lOym o f  th e  s u b s t r a t e  i t  i s  th o ro u g h ly  washed in  d e io n iz e d  w a te r  and 
then  p la c e d  in  ace tone  f o r  a s h o r t  w h ile  to  remove th e  masking p h o t o r e s i s t  
and r e v e a l  the  c lo v e r  l e a f  p a t t e r n .
5 . 1 . 2 .  C lover Leaf P re p a ra t io n  by U l t r a s o n ic  C u tt in g
A Brass c y l in d e r  ( th e  u l t r a s o n i c  c u t t e r )  had a c lo v e r  l e a f  p a t t e r n  
hollow ed o u t  from one end and a screw th re a d  on the  o th e r  a l lo w in g  i t  to  
be mounted in  an u l t r a s o n i c  v i b r a t o r .
The sample to  be cu t  had i t s  s u b s t r a t e  f ix e d  to  a t r a n s p a r e n t  
s l i d e  w ith  s h e l l a c  wax. The sample was then  p o s i t i o n e d  under th e  c u t t i n g  
to o l  and a m ix tu re  o f  f i n e  tu n g s te n  c a rb id e  g ran u le s  and w a te r ,  which 
a c te d  as  th e  a b ra s iv e  m a t e r i a l ,  was b ru sh ed  onto  the  a re a  to  be c u t .
Before  c u t t i n g  began the  d i s t a n c e  th e  to o l  had to  t r a v e l  to  reach  th e  
g la s s  s l i d e  was r e c o rd e d .  G rea t ca re  had to  be taken  when c u t t i n g  because  
i f  th e  to o l  was a llow ed to  c u t  too f a s t  o r  i n t o  the  g la s s  s l i d e  th e  
c lo v e r  l e a f  would i n v a r i a b ly  b re a k .
5 . 1 .3 .  High F ie ld  Sample P re p a ra t io n
H-shape samples w ith  l a rg e  c o n ta c t  a re a s  used f o r  h ig h  f i e l d  m easure­
ments were f a b r i c a t e d  u s in g  th e  p h o to l i th o g r a p h ic  l i f t - o f f  te c h n iq u e  
and a re  shown in  F ig .  5 .1 .  An im p o r ta n t  f a c t o r  in  th e  d es ig n  c o n s id e r a t io n  
i s  th e  sample d im ensions which must be o f  a c e r t a i n  r a t i o  i n  o r d e r  to  
o b ta in  a uniform  f i e l d  a c ro s s  th e  b a r .  The samples were des igned  u s in g  
th e  p r e s c r i p t i o n  o f  P o t te r ^  J which had been t e s t e d  f o r  InP u s in g  
c u r r e n t  probe te c h n iq u e s .  Using P o t t e r ' s  p r e s c r i p t i o n  i t  was d ec id ed  t h a t  
the  le n g th  o f  th e  b a r  shou ld  be 300ym and the  w id th  lOOym.
5 . 2 .  E l e c t r i c a l  C on tac tin g  P rocesses
5 . 2 .1 .  M e ta l l i c  E vapo ra tion
The samples were masked w ith  aluminium f o i l  to  en su re  t h a t  c o n t a c t  
m a te r i a l  would on ly  be d e p o s i te d  on the  d e s i r e d  sample a r e a s .  For 
c o n ta c t s  to  n - ty p e  m a te r ia l  Au w ith  5% Sn was e v ap o ra ted  fo llow ed  by a 
t h i n  f i lm  o f  Ni to  ensu re  t h a t  th e  c o n ta c t s  would s t i c k  to  th e  s u r f a c e .
The d e p o s i te d  Au-Sn was then  a l lo y e d  in  a t  a te m p era tu re  o f  450°C f o r  
5 m inutes to  produce a good c o n t a c t .  For c o n ta c t s  to  p - ty p e  m a te r i a l  the  
same p ro c e s s  was used , th e  on ly  d i f f e r e n c e  b e in g  th e  c o n ta c t  m a t e r i a l ;  
an Au a l lo y  c o n ta in in g  5% Zn.
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Phosphorous has a h ig h  vapour p r e s s u r e  and hence a t  h igh  tem pera tu res  
such as th o se  used in  a l lo y in g ,  i t  can e v a p o ra te  and le a v e  th e  sample 
d e p le te d .  To reduce Phosphorous e v a p o ra t io n  th e  samples were a l lo y e d  in  
a g la s s  c a p s u le ,  th e  i n t e r i o r  o f  which was l i n e d  w ith  InP . As an e x t r a  
p r e c a u t io n  th e  samples were loaded  i n t o  th e  a l lo y in g  ca p su le  w i th  t h e i r  
e p i l a y e r s  covered by InP.
5 . 2 . 2 .  S o lde red  C ontac ts
The samples to  be c o n ta c te d  were th o ro u g h ly  c lean ed  in  a s i m i l a r  
manner to  those  p re p a re d  f o r  p h o t o - r e s i s t i v e  e t c h in g .  For n - ty p e  
m a te r i a l  an In-Sn a l l o y  was a t ta c h e d  to  th e  sample u s in g  a h o t  s o ld e r in g  
i r o n .  The c o n ta c ts  were th e n  a l lo y e d  i n t o  th e  sample i n  a hydrogen 
atmosphere a t  a tem p era tu re  j u s t  above th e  m e lt in g  p o in t  o f  th e  c o n t a c t  
m a te r ia l  f o r  two m inu tes .
C on tac ts  f o r  p - ty p e  m a te r i a l  were made u s in g  an In-Zn a l l o y .
5 . 2 . 3 .  Ion Im p lan ting
Measurements on Mn-doped q u a te rn a ry  m a te r i a l  r e v e a le d  t h a t  c o n t a c t s ,  
which were adequa te  fo r  e l e c t r i c a l  measurements a t  room te m p e ra tu re ,  
became non-ohmic a t  low er te m p e ra tu re s .  I t  was, t h e r e f o r e ,  d ec id ed  t h a t  
a d i f f e r e n t  c o n t a c t in g  p ro c e ss  shou ld  be used ; th e  combined p ro c e s s  o f  
io n  im p la n t in g  and l a s e r  a n n e a l in g .
The c lo v e r  l e a f  samples were th o ro u g h ly  c lean ed  b e fo re  th e y  were 
a t t a c h e d  to  a 1cm2 aluminium p l a t e  w ith  s i l v e r  dag. The p l a t e  was then  
covered w ith  aluminium f o i l  from which th e  mask was to  be made. A s l i g h t  
p r e s s u r e  on th e  f o i l  r e v e a le d  the  sample shape below and th en  c a r e f u l  
removal o f  th e  f o i l  from th e  edge o f  th e  c lo v e r  l e a f  lo b e s  d e f in e s  th e  
p o s i t i o n  a t  which th e  im p lan ts  a r e  made.
The samples r e c e iv e d  a dose o f  1 x 10 1 5 cm“ 2  o f  150KeV Zinc io n s ,  a t  
8 ° to  the  s u r f a c e  normal to  avoid  c h a n n e l l in g .  By com parison w ith  s i m i l a r
im p lan ts  made in  GaAs and I n P ^ ^ ,  th e  im p lan t  shou ld  produce d i s o rd e re d  
m a te r i a l  to  a dep th  o f  about 0.2ym. In  o rd e r  to  re c o v e r  th e  c r y s t a l l i n i t y  
and make th e  im plan ted  io n s  e l e c t r i c a l l y  a c t i v e ,  samples were annea led  
u s in g  a Q -sw itched Ruby l a s e r .  The energy  d e n s i ty  o f  0 .8Jcm - 2  was 
chosen by comparison w ith  s u c c e s s f u l  annea ls  c a r r i e d  o u t  on io n - im p la n te d  
G a A s ^ ^  . The p u ls e  le n g th  o f  th e  l a s e r  was abou t 25ns and th e  i r r a d i a t i o n  
was perform ed  a t  room te m p e ra tu re .  This produced  c o n ta c t s  t h a t  were 
s u i t a b l y  ohmic down to  l i q u i d  n i t r o g e n  tem p era tu re  a l th o u g h  no a t te m p t  was 
made to  o p tim ize  t h i s  p ro ced u re  f o r  th e  q u a te rn a ry  a l l o y  system .
5 . 3 .  H y d ro s ta t i c  P re s s u re  A pparatus
5 . 3 .1 .  I n t r o d u c t io n
H y d ro s ta t i c  p r e s s u r e ,  as i t s  name s u g g e s ts ,  in v o lv es  th e  com pression  
o f  a f l u i d .  This method i s  u n f o r tu n a t e ly  l i m i t e d  as  m ost f l u i d  p r e s s u r e  
t r a n s m i t t i n g  media tend  to  f r e e z e  a t  r e l a t i v e l y  low p r e s s u r e s .  For t h i s  
r ea so n  peo p le  have r e s o r t e d  to  s o l i d  systems where p r e s s u r e  t r a n s m i t t i n g  
media such as epoxy a r e  used . These system s u n f o r tu n a t e ly  p roduce non­
h y d r o s t a t i c  p r e s s u r e  below 25 kbar  a f t e r  which th e  epoxy b eg in s  to  flow 
and h y d r o s t a t i c  p r e s s u r e  i s  b e l ie v e d  to  e x i s t .  The l i q u i d  media equipm ent 
used  here  cannot compete w ith  th e  s o l i d  media f o r  h igh  p r e s s u r e  b u t  
produces h y d r o s t a t i c  p r e s s u r e  in  th e  range 1 b a r  -  18 k b a r .  The l i q u i d  
medium p re s s u re  ap p a ra tu s  was developed  by th e  S. T. L.  High P re s s u re  Group 
f o r  H a ll  e f f e c t  measurement.
5 . 3 . 2 .  L iquid Medium A pparatus
A schem atic  diagram o f  the  l i q u i d  medium ap p a ra tu s  (w i th in  a f o u r  
column d ie  s e t )  i s  shown in  F ig . 5 . 2 .  The c y l in d e r  made o f  ho t-w orked  
d ie  s t e e l  c o n ta in s  a p re s s u re  t r a n s m i t t i n g  medium o f  amyl a lc o h o l  and 
c a s to r  o i l  in  a 1:1 m ix tu re .  The t h r u s t  p i s t o n ,  made o f  hardened  to o l
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Figure 5.3 Detailed diagram of thrust 
piston.
s t e e l  and 3.8cm in  d ia m e te r  i s  shown in  F ig .  5 .3 .  Leads to  c o n ta c t  
te rm in a ls  a t  th e  end o f  each p i s to n  a re  p assed  o u t  o f  th e  p r e s s u r e  chamber v ia  
hardened  s i l v e r  s t e e l  te rm in a ls  ground i n t o  ceram ic s le e v e s  and then  
th rough  a h o le  in  the  p i s t o n .  Each p i s t o n  accommodates e i g h t  s i l v e r  
s t e e l  te rm in a ls  t h a t  a r e  even ly  d i s t r i b u t e d  around i t s  f a c e ;  i t  sho u ld  
be n o te d  t h a t  t h i s  i s  b e l i e v e d  to  be a m ajor weakness o f  th e  system  
l i m i t i n g  i t s  perform ance to  a maximum p r e s s u r e  o f  18 k b a r .  The sample 
le ad s  a r e  s o ld e re d  between th e  te rm in a l s  o f  the  top  p i s t o n ,  which i s  
c a r e f u l l y  immersed in  th e  l i q u i d  medium. Care i s  taken  to  minimize th e  
amount o f  a i r  in  th e  c y l in d e r  by o v e r - f i l l i n g  and ro ck in g  th e  p i s t o n  upon 
e n t r y .
The s e a l i n g  o f  th e  p i s t o n  i s  accom plished  by th e  com bination  o f  a
neoprene '0* r in g  and phosphor-b ronze  m i t r e  r i n g .  Up to  a p r e s s u r e  o f
4 k b a r  s e a l in g  i s  due to  th e  'O ’ r i n g .  At h ig h e r  p r e s s u r e s  th e  ’O’ r i n g  
becomes redundan t and s e a l i n g  i s  due to  the  phosphor-b ronze  m i t r e  r i n g .
Leaks may sometimes o ccu r  around p re s s u r e s  o f  5 k b a rs  as n e i t h e r  s e a l a n t  
can produce a good s e a l .  I f  t h i s  happens a qu ick  in c r e a s e  i n  th e  lo ad  
cau s in g  th e  p r e s s u re  to  r i s e  in  excess  o f  8  k b a r  can u s u a l l y  s to p  l e a k s .  
P re s s u re  i s  u s u a l ly  a p p l ie d  in  in c r e a s in g  o r  d e c re a s in g  i n t e r v a l s  o f  1 k b a r .  
A f te r  each p r e s s u r e  inc rem en t a measurement i s  made when th e  system  
has r e t u r n e d ' t o  room te m p e ra tu re  a f t e r  th e  h e a t in g  caused  by th e  com pression  
s t r o k e .  This  no rm ally  ta k e s  abou t 15 m inu tes .
For H a ll  measurements a c o i l  wound around a h igh  q u a l i t y  m ild  s t e e l
t o r o i d  i s  connected  to  the  top  p i s t o n .  A c u r r e n t  o f  55mA i s . p a s s e d  
around th e  c o i l  to  produce a m agnetic  f i e l d  o f  1 ± 0.03kG between th e  0.75mm 
gap in  th e  to r o i d .  The c u r r e n t  i s  sm all so t h a t  h e a t in g  e f f e c t s  due to  
th e  c o i l s  r e s i s t a n c e  a re  n e g l i g i b l e .
The p r e s s u r e  i s  m onito red  by a 100ft manganin c o i l  a t t a c h e d  to  th e  
bottom p i s to n  as shown in  F ig .  5 .3 .  The manganin w ire  has a p r e s s u r e
dependence o f  r e s i s t a n c e  o f  0.2473 ohms k b a r - 1  and hence p r e s s u r e s  
w i th in  th e  c e l l  can be a c c u r a te ly  m easured. The g r e a t  advan tage o f  
t h i s  p r e s s u r e  system  l i e s  in  th e  f a c t  t h a t  th e  c e l l  p r e s s u r e  i s  measured 
d i r e c t l y  u n l ik e  many o th e r  system s in  which i t  i s  assumed f o r  p red e te rm in ed  
lo a d .
5 .4 .  Low Tem perature A pparatus ■
5 . 4 .1 .  C ry o s ta t  f o r  H a ll  Measurements
An Oxford In s tru m e n ts  TMD4A Helium c r y o s t a t  was used f o r  H a ll  
measurements in  th e  te m p e ra tu re  range  77-300K:Fig. 5 .4 .  The c r y o s t a t  
c o n s i s t s  o f  two vacuum ja c k e t s  and two l i q u i d  gas j a c k e t s  b o th  o f  which 
co n ta in e d  l i q u i d  n i t r o g e n  when in  use and helium  gas when n o t .  The 
sample chamber was always m a in ta in ed  w ith  a helium  atm osphere to  p r e v e n t  
w a te r  vapour condensing  in  th e  sample chamber and to  a c t  as  a h e a t  
exchanger.  I f  w a te r  vapour d id  condense in  th e  chamber i t  s e r i o u s l y  
a f f e c t e d  the  the rm al re sp o n se  o f  th e  c r y o s t a t .
To measure and v a ry  th e  te m p e ra tu re  o f  th e  sample chamber an Oxford 
In s tru m en ts  p r e c i s i o n  te m p e ra tu re  c o n t r o l l e r  was u sed  a t t a c h e d  to  an 
Au:Fe chromal the rm al couple  g iv in g  te m p era tu re  c o n t ro l  w i th in  ± 0.1K.
When warming up from l i q u i d  n i t r o g e n  tem p era tu re  th e  h e a t e r  would o v e rsh o o t  
th e  s e t  te m p era tu re  and ta k e  some time to  s e t t l e .  To p r e v e n t  t h i s ,  th e  
in n e r  j a c k e t  c o n ta in e d  a sm all amount o f  Helium to  conduc t th e  h e a t  away 
and p re v e n t  o v e rsh o o t .  At h ig h e r  te m p era tu re s  th e  in n e r  vacuum j a c k e t  
was evacua ted  o th e rw ise  th e  h e a t e r  would n o t  reach  th e  maximum te m p e ra tu re  
o f  300K.
5 .4 .2 .  C ry o s ta t  f o r  High E l e c t r i c  F ie ld  Measurement
F ig .  5 .5  shows a schem atic  diagram o f  an Oxford In s tru m e n ts  DN704 
compact l i q u i d  n i t r o g e n  r e s e r v o i r  c r y o s t a t  t h a t  was used  f o r  h igh  f i e l d  
measurement. The sample chamber has th e  d im ensions 50mm by 20mm and i t s
f t
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Figure 5.5 Cryostat for high field
measurements.
te m p era tu re  can be v a r ie d  between 77 -300K. The te m p e ra tu re  o f  th e  
sample chamber i s  m a in ta in ed  by a h e a t  exchanger s u p p l ie d  by l i q u i d  
n i t r o g e n  from a r e s e r v o i r .  To c o n t ro l  th e  tem p era tu re  i n  th e  sample.
Chamber an Au:Fe chromal therm al coup le  was connec ted  to  an Oxford 
In s tru m e n ts  s ta n d a rd  te m p e ra tu re  c o n t r o l l e r .
5 .5 .  Measurement P rocedures
5 . 5 .1 .  H a ll  Measurement
H all  e f f e c t  measurements were made u s in g  th e  s ta n d a rd  Van d e r  Pauw 
r 68ite ch n iq u e  . The c i r c u i t  employed f o r  th e se  measurements i s  shown in  
F ig .  5 .6 .
A c o n s ta n t  c u r r e n t  was p assed  th rough  th e  sample from an a d j u s t a b l e  
sou rce  v i a  a lOkfi decade box, which a c t s  as  a f in e  c u r r e n t  a d j u s t e r ,  and 
a d i g i t a l  m u l t im e te r  f o r  c u r r e n t  measurem ents. The o u tp u t  v o l t a g e  from 
th e  sample was measured by a K e i th ly  172 d i g i t a l  m u l t im e te r .
A 4 -p o r t /1 2  te rm in a l  sw itch  was in t ro d u c e d  i n t o  th e  c i r c u i t ,  which 
a llow ed  measurem entsto be made on a l l  s id e s  o f  th e  c lo v e r  l e a f  and w ith  
c u r r e n t  r e v e r s a l .  For r e s i s t i v i t y  m easurem entsthe average  o f  f o u r  r e a d in g s ,  
w ith  c u r r e n t  r e v e r s a l  were taken  and th e  r e s i s t i v i t y ,  p ' ,  was c a l c u l a t e d  
from
Trd"*.
P = l n 2
RAB,CD + RBC,DA ““ I 5 .1 .
RBC,DAy
where R^g ^  i s  the  average  r e s i s t a n c e  o b ta in e d  by p a s s in g  a c u r r e n t  in  
b o th  d i r e c t i o n s  th rough  c o n ta c t s  A and B and m easuring th e  p o t e n t i a l  
d i f f e r e n c e  a c ro s s  C and D. Rg^ i s  s i m i l a r l y  d e f in e d  (a sch em a tic  diagram
o f  a c lo v e r  l e a f  i s  shown in  F ig .  5 . 7 ) ,  d '  i s  the  e p i l a y e r  th ic k n e s s  and
^ RAB CD 1 1681f  n— 2— I i s  a fu n c t io n  g iven  g r a p h ic a l l y  by Van d e r  Pauw^ J which i s
\  BC,DA/
a c c u ra te  to  w i th in  1 % o f  f  = 1 f o r  th e  samples i n v e s t i g a t e d  h e r e .
The H all  m o b i l i t y ,  was c a l c u l a t e d  from
1
10 k a .  
9 ^ -
2 3 4
power j —  
supply i _£> 
mA
Figure 5.6 Low field measurement
circuit.
toDVM
Figure 5.7 Clover leaf sample.
where AR.„ Dr. i s  th e  average change in  the  r e s i s t a n c e  R.„ Dn due to  
AL, 15 D A L, d L)
th e  a p p l i c a t io n  o f  the  m agnetic  f i e l d  B in  bo th  d i r e c t i o n s  a c ro s s  th e  
e p i l a y e r .
5 . 5 .2 .  C u rren t  V oltage Measurement
The b a s i c  c i r c u i t  used f o r  th e  i / V  measurements i s  shown in  F ig . 5 .8  f
a l th o u g h  s l i g h t  m o d i f ic a t io n s  were made f o r  use  w ith  th e  DN704 compact
l i q u i d  n i t r o g e n  r e s e r v o i r  c r y o s t a t .
F ie ld s  th e  o rd e r  o f  lOkVcm- 1  a re  r e q u i r e d  to  reac h  th e  t h r e s h o ld  
o f  c u r r e n t  i n s t a b i l i t i e s  in  InP. At such h igh  f i e l d s  t h e r e  would be 
c o n s id e ra b le  h e a t in g  o f  th e  sample i f  d . c .  measurements were made so 
s h o r t  p u ls e  measurements were made w ith  a r e p e t i t i o n  r a t e  o f  50 p . p . s .  
and a p u ls e  d u ra t io n  o f  50ns. A v a r i a b l e  power supp ly  0-2kV was used 
as  th e  h igh  te n s io n  supp ly  to  th e  d e la y  l i n e .  A mercury w e lte d  r e l a y  
sw itch  o p e ra te d  a t  50 p . p . s .  was connec ted  to  a 50ft ch a rg e  l i n e  o f  
e q u iv a le n t  le n g th  25nsec. g iv in g  a p u ls e  o f  50nsec. A d e la y  l i n e  was
in c o rp o ra te d  between th e  p u l s e r  and th e  o s c i l lo s c o p e  to  a l low  th e  t r i g g e r
p u ls e  to  a r r i v e  a t  th e  o s c i l lo s c o p e  a t  th e  same time as  th e  sampled
v o l t a g e  and c u r r e n t  p u l s e s .  The c u r r e n t  was m onito red  a c ro s s  a  s e r i e s  
r e s i s t o r  which was a t ta c h e d  n e x t  to  th e  sample, and t h e r e f o r e ,  f o r  te m p e ra tu re  
measurement i t s  te m p era tu re  c h a r a c t e r i s t i c  had to  be d e te rm in e d .
The p u ls e s  were m onitored  by a T ek tro n ix  5103N sam pling  o s c i l l o s c o p e  
and th e  i /V  c h a r a c t e r i s t i c s  were sampled tow ards th e  end o f  th e  p u ls e  w e ll ,
away from th e  t r a n s i e n t  r in g in g  caused  by mismatch. The i /V  c h a r a c t e r i s t i c
was then  d is p la y e d  on a Bryans 2900 A4 x-y  p l o t t e r .
5 .6 .  Curve F i t t i n g  Routine
In o rd e r  to  de te rm ine  w hether an a d d i t i o n a l  s c a t t e r i n g  mechanism e x i s t s
dummy load
charging line
relay ”  
switch coax.sw:
sample
X - Y 
plotter Sampling Scope
Figure 5 8 Block diagram of high 
field measurement circuit.
w ith in  th e  q u a te rn a ry  i t  i s  n e c e s s a ry  to  compare th e  te m p e ra tu re  dependence
o f  th e  ex p e r im en ta l  and t h e o r e t i c a l  m o b i l i ty  l i m i t s .  U n fo r tu n a te ly  i t
i s  n o t  p o s s i b l e  from H a ll  measurement a lone  to  de te rm ine  unknown p a ram e te rs
such as  Ntt which w i l l  d e te rm ine  pTT and AU and o r  N A t h a t  w i l l  d e te rm ine  I I  11 s
p ^  and r e s p e c t i v e l y  t h e r e f o r e  a f i t t i n g  p ro ced u re  i s  r e q u i r e d  in  o rd e r  
to  d e te rm ine  th e s e  p a ra m e te rs .  The f i t t i n g  p ro ced u re  used  h e re  uses  a 
Simplex r o u t i n e  and was developed  by James and R o o s ^ ^ .
CHAPTER 6
ELECTRICAL TRANSPORT IN (G ain )(A sP )/InP
6 .1 .  E le c t ro n  M o b il i ty
6 . 1 .1 .  I n t r o d u c t io n
Much o f  th e  ex p e r im en ta l  d a t a  f o r  th e  low f i e l d  e l e c t r o n  m o b i l i ty  
i n  b in a ry  compound d i r e c t  gap sem iconductors  can be i n t e r p r e t e d  u s in g  
th e  r e l a t i v e l y  s im ple  t h e o r e t i c a l  model which c o n s id e r s  on ly  two 
s c a t t e r i n g  mechanisms, p o l a r  o p t i c a l  s c a t t e r i n g  (P .O .) and io n iz e d  
im p u r i ty . s c a t t e r i n g ( I . I . ) .  The t o t a l  s c a t t e r i n g  r a t e  f o r  th e s e  two 
mechanisms may be s im ply  assumed to  be th e  sum o f  th e  s c a t t e r i n g  r a t e s  
r e l a t e d  to  each mechanism (Matfchiessen1s r u l e )  r e s u l t i n g  in  th e  r e l a t i o n s h i p  
f o r  com bing m o b i l i ty  l i m i t s  vu i n t o  an o v e r a l l  m o b i l i ty  p
-  = E —  6 .1p . p .l  l
The e r r o r s  caused in  t h i s  assum ption  have been d e a l t  w ith  in  some d e t a i l
by R o d e f o r  s e v e r a l  b in a ry  compounds. P e a r s a l l  e t  a l ^ ^  concluded
t h a t  Matfchiessen's r u l e  cou ld  be used  to  i n t e r p r e t  m o b i l i ty  d a ta  f o r  th e
t e r n a r y  a l l o y  Ga^ 47InQ 53As g iven  by Takeda and S a s a k i U s i n g
(72)Matfchiessen1s  r u l e  Marsh e t  a l  '  f i r s t  de te rm ined  th e  p a ram e te rs  f o r  
b e s t  f i t  to  th e  ex p er im en ta l  v a r i a t i o n  o f  m o b i l i ty  w i th  te m p e ra tu re  and 
th en  r e c o n s t i t u t e d  t h i s  u s in g  a Monte C arlo  computer program t h a t  does 
n o t  assume Matfchiessen's r u l e .  They concluded t h a t  th e  agreem ent between 
th e s e  two methods was " in v a r i a b ly  c l o s e " .  I t  t h e r e f o r e  seems re a s o n a b le  
to  u se  Matfchiessen1s r u l e  as  a s im ple  a n a l y t i c  te c h n iq u e .  One can a l s o  
ga in  c o n s id e ra b le  i n s i g h t  in t o  th e  s c a t t e r i n g  p ro c e s s e s  w i th in  the  
sem iconduc to r  as  Matfchiessen's r u l e  a l low s  c l e a r  g r a p h ic a l  d i s p la y  o f  th e  
in d iv id u a l  s c a t t e r i n g  mechanisms.
6 . 1 .2 .  Composition Dependence
The measured room te m p era tu re  H a ll  m o b i l i t i e s  o f  q u a te rn a ry  
samples w ith  c a r r i e r  c o n c e n t r a t i o n s in  th e  low 1 0 1 6 cm“ 3 were
T731
found by Greene e t  a l v ■ to  be c o n s id e ra b ly  low er than  v a lu e s  t h a t  had
f 741e a r l i e r  been p r e d ic t e d  by L i t t l e j o h n  e t  a l  * showing a marked downward 
bowing in  th e  m iddle o f  th e  a l l o y  range  (0 .3  < y < 0 .7 1 ) .  F ig . 6*1 
shows th e  measured room te m p e ra tu re  v a r i a t i o n  o f  th e  e l e c t r o n  m o b i l i t y ,  ‘
Pe , as a fu n c t io n  o f  th e  com position  p a ram e te r  y f o r  samples w ith  an 
e l e c t r o n  c o n c e n t r a t io n  in  th e  low 1 0 1 6 cm- 3  ran g e .  They span th e  e n t i r e  
a l l o y  range ex c e p t  f o r  th e  re g io n  y = 0 .65  to  0 .8  s in c e ,  due to  la c k  o f  
commercial i n t e r e s t ,  th e s e  samples were n o t  a v a i l a b l e .  A r e s u l t  a t
(751
y = 0 .72  by Endav however, h e lp s  com plete th e  p i c t u r e  which con firm s
a downward bowing in  pg from y = 0 to  y = 0 .5  fo llow ed  by a s t e e p  r i s e
to  a maximum a t  y = 1. InP samples ( y = 0) grown by th e  same te c h n iq u e
hada  m o b i l i ty  o f  about 4000cm2V’"1s -1 in  agreem ent w ith  th e  a c c e p te d  v a lu e
f o r  m a te r i a l  o f  t h i s  c a r r i e r  c o n c e n t r a t i o n .  The dependence o f  m o b i l i t y  on
(1 (\\
com position  shown in  F ig . 6 .1  i s  s i m i l a r  to  t h a t  found by Leheney e t  a l
(771b u t  s i g n i f i c a n t l y  d i f f e r e n t  from th e  r e s u l t s  o f  B h a t ta c h a ry a  e t  a l  
which show a sharp  V-shaped minimum n e a r  y = 0 .6 .
The h ig h e s t  m o b i l i ty  measured in  th e  t e r n a r y  GaQ 4 7 ^ 0  5 3 As was 
11 ,200cm2 V“ *s“ 1. G re a te r  m o b i l i t i e s  have been r e p o r te d  v i z  12,000cm2 V- 1s ' " 1 
by P e a r s a l l  e t  a l ^ ^  and 1 3 ,800cm2V"1s " 1 by O l iv e r  and E a s t m a n ^ ^  a l th o u g h  
th e  l a t t e r  r e s u l t s  showed an anomalous te m p e ra tu re  dependence. Of 
p a r t i c u l a r  i n t e r e s t  i s  t h a t  P e a r s a l l  e t  a l  who have a l s o  examined 
samples a t  y = 1 grown by VPE and MOCVD and o b ta in e d  m o b i l i t y  v a lu e s  
(10 ,500  and 9,500cm 2V- 1s -1 r e s p e c t iv e l y )  a lm o s t  as  h igh  as f o r  LPE m a t e r i a l .  .
In  o rd e r  to  a s c e r t a i n  w hether th e  low f i e l d  m o b i l i t y  cou ld  be e x p la in e d  
in  te rm s o f  a h igh  com pensation r a t i o  o r  i n t r i n s i c  p r o p e r t i e s  o f  m a t e r i a l ,  
samples were s tu d ie d  in  much g r e a t e r  d e t a i l .
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6 . 1 . 3 .  Tem perature Dependence
Measurements were made o f  th e  tem p era tu re  v a r i a t i o n  o f  m o b i l i ty  
in  th e  te m p e ra tu re  range  77-300K f o r  samples a c ro s s  th e  a l l o y  ra n g e .
T h e i r  a n a l y s i s  in  term s o f  M a th ie s se n 's  r u l e  i s  a l s o  shown in  F ig .  6 .2 .
The curve d e s c r ib in g  th e  p o l a r  o p t i c a l  phonon s c a t t e r i n g  m o b i l i ty  l i m i t  
PpQ was c a l c u l a t e d  u s in g  e q u a t io n  3 .3 .  The io n iz e d  im p u r i ty  s c a t t e r i n g  
m o b i l i t y  l i m i t ,  was th en  added u s in g  e q u a t io n  3 .5 .  The c a r r i e r  
c o n c e n t r a t i o n ,  n ,  was d e te rm ined  from th e  e x p e r im e n ta l ly  o b ta in e d  H a ll  
c o n s ta n t ,  and th e  d e n s i ty  o f  io n iz e d  im p u r i t i e s  was t r e a t e d  as
(73)an a d j u s t a b l e  p a ra m e te r .  C onclusions s i m i l a r  to  th o se  o f  Greene e t  a l
a re  drawn h e re  namely t h a t  no v a lu e  o f  could  e x p la in  th e  te m p e ra tu re
v a r i a t i o n  o f  m o b i l i ty  by c o n s id e r in g  th e s e  two mechanisms a lo n e .  The
la r g e  v a lu e  o f  r e q u i r e d  to  o b ta in  agreement w ith  th e  measured room
te m p era tu re  m o b i l i ty  gave an u n a c c e p ta b le  v a r i a t i o n  o ver  th e  r e s t  o f  th e
te m p era tu re  ran g e ,  d e c re a s in g  from i t s  v a lu e  a t  room te m p e ra tu re  w ith
d e c re a s in g  te m p e ra tu re .
The a d d i t io n  o f  a n o th e r  mechanism ( e i t h e r  a l l o y  o r  space  charge
s c a t t e r i n g )  w ith  a te m p era tu re  dependence o f  m o b i l i ty  p r o p o r t i o n a l  to
T 2 p e rm i t t e d  good f i t s  to  be o b ta in e d  th ro u g h o u t  th e  te m p e ra tu re  range
as shown in  F ig . 6 .2 .  f o r  f i v e  samples w ith  com position  v a lu e s  t h a t  span
th e  ran g e .  P la u s ib l e  v a lu e s  o f  th e  io n iz e d  im p u r i ty  c o n c e n t r a t i o n
N. + were o b ta in e d .A D
The m o b i l i t i e s  co rre sp o n d in g  to  th e  in d iv id u a l  mechanisms a r e
i n d i c a t e d  on th e  diagram and th e  t o t a l  m o b i l i ty  l i m i t  imposed by summing
th e  in d iv id u a l  m o b i l i ty  l i m i t s  i s  shown by th e  s o l i d  l i n e  going th rough
and very  c lo s e  to  th e  e x p e r im en ta l  measured v a lu e s .  Leheney e t  a l ^ ^
(79)and Ku e t  a r  y have a l s o  reach ed  a s i m i l a r  c o n c lu s io n .  I t  can t h e r e f o r e  
be concluded  t h a t  th e  m o b i l i ty  v a r i a t i o n  o f  n - ty p e  q u a te rn a ry  a l l o y s  can 
be e x p la in e d  w i th in  th e  l i m i t s  o f  e x p e r im en ta l  e r r o r  u s in g  th e  s c a t t e r i n g
-83 -
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Figure 6.2 Measured temperature 
dependence of the electron mobility for 
five typical samples with carr. cone, in 
the range 1-5x10 cm3. Expt. data (•) can 
be matched by a combination.shown as a 
solid line, of (a) jMp^tb) yj„ and ( c) uQp
mechanisms d e s c r ib e d  above. The a d d i t io n  o f  de fo rm a tion  p o t e n t i a l  
and p i e z o e l e c t r i c  s c a t t e r i n g  would n o t  d e s t ro y  th e  agreem ent b u t  simply 
add some f u r t h e r  re f in e m e n t  which a t  p r e s e n t  i s  w i th in  th e  e x p e r im en ta l  
u n c e r t a i n t y  o f  th e  measured m o b i l i ty  (assumed to  be ab o u t 1 0 %)., th e  
p a ram ete rs  in  Table  4 .1  and th e  degree  o f  v a l i d i t y  o f  th e  a n a l y t i c a l  
e x p r e s s io n s .
When a n a ly s in g  th e  measured H a ll  m o b i l i t y ,  y^, in  te rm s o f  the
in d iv id u a l  t h e o r e t i c a l  m o b i l i ty  l i m i t s  f o r  each s c a t t e r i n g  mechanism, one ’
i s  assuming t h a t  th e  H a ll  m o b i l i ty  i s  i d e n t i c a l l y  equal to  the  d r i f t
m o b i l i t y ,  y^. For most sem iconducto rs  t h i s  i s  n o t  t r u e  and th e
assum ption  le a d s  to  an a p p re c ia b le  amount o f  e r r o r ,  p a r t i c u l a r l y  when
io n iz e d  im p u r i ty  s c a t t e r i n g  i s  im p o r tan t .  However, measurements were made by
(73)Greene e t  a l  '  on n - ty p e  q u a te rn a ry  samples a t  h igh  m agnetic  f i e l d s  
(up to  9T) which causes  y^ and y^ to  become e q u a l .  At b o th  room te m p era tu re  
and 77K th e  H all  v o l ta g e  v a r i e d  l i n e a r l y  w ith  m agnetic  f i e l d ,  i n d i c a t i n g  
t h a t  th e  r a t i o  y ^ /y D a t  0 .2T  ( th e  m agnetic  f i e l d  t h a t  was r o u t i n e l y  used  
f o r  H a ll  measurement) was u n i t y  to  w i th in  2% e x p e r im en ta l  a c c u ra c y .  Values
o f  in  th e  range 1 .00  to  1 .03  were found in  analogous measurements
r 721 177)by Marsh e t  a l  and by B h a t tach a ry a  e t  a l  , so i t  would ap p ea r  t h a t  in
a l l  c a se s  y^ may be taken  as  i d e n t i a l  to  y^ in  t h i s  te m p e ra tu re  ra n g e .
6 . 1 . 4 .  P re s su re  Dependence
I t  has been shown in  th e  p re v io u s  s e c t i o n  t h a t  a s c a t t e r i n g  mechanism
l
w ith  a m o b i l i ty  te m p e ra tu re  dependence o f  T"^ en ab le s  th e  measured m o b i l i t y  
to  be f i t t e d  w i th in  ex p er im en ta l  e r r o r .  However, i t  i s  n o t  p o s s i b l e  to  
d i s t i n g u i s h  between a l l o y  s c a t t e r i n g  and space  charge  s c a t t e r i n g  u s in g  
te m p e ra tu re  as a v a r i a b l e  p a ra m e te r  a lo n e .  L is te d  below a r e  th e  e q u a t io n s  
f o r  o b ta in in g  y ^  and yg^
i t  shou ld  be n o ted  t h a t  in  a d d i t io n  to  t h e i r  a l r e a d y  s t a t e d  i d e n t i c a l  
te m p era tu re  dependence, th e y  have a d i f f e r e n t  e f f e c t i v e  mass dependence
i
o f  m o b i l i t y ,  b e in g  p r o p o r t i o n a l  to  m* “ 2 and y^L be ing  p r o p o r t i o n a l
to  m*“ 5 / 2 . I t  would th e r e f o r e  be p o s s i b l e  to  d i s t i n g u i s h  between th e  two 
mechanisms i f  measurements o f  m o b i l i ty  cou ld  be made as a f u n c t io n  o f  
c a r r i e r  e f f e c t i v e  mass. Although th e  e f f e c t i v e  mass o f  e l e c t r o n s  has 
n o t  been measured as a fu n c t io n  o f  p r e s s u r e  in  th e  q u a te rn a ry  i t  i s  
p o s s i b l e  to  de te rm ine  th e  change as  shown in  S e c t io n  4 . 9 . 4 .
Measurements o f  m o b i l i ty  as  a f u n c t io n  o f  p r e s s u r e  were made on 
s e v e r a l  q u a te rn a ry  samples ( a t  room te m p e ra tu re ) ,  u s in g  a p i s t o n  and 
c y l in d e r  a p p a ra tu s  as d e s c r ib e d  in  S e c t io n  5 . 3 .2 ,  w ith  com position  
v a lu e s  o f  y = 0 .5  and one sample a t  y = 0 .9 2 .  Samples w ith  y = 0 .5  were 
chosen because  th e y  r e p r e s e n t  th e  com position  a t  which th e  a d d i t i o n a l
mechanism has a v e ry  s t ro n g  e f f e c t  and th e  o th e r  ( y = 0 .92 )  was s e l e c t e d
dm*
6because  —^p- i s  g r e a t e s t  a t  l a r g e  v a lu e s  o f  y .  In  a l l  samples th e  f r e e  
e l e c t r o n  c o n c e n t r a t io n  was found to  be in d ep en d en t o f  p r e s s u r e .  The 
m o b i l i ty  was .seen to  d e c re a se  w ith  p r e s s u r e ,  th e  change b e in g  r e v e r s i b l e  
and r e p e a t a b l e .
The v a r i a t i o n  o f  e l e c t r o n  m o b i l i ty  (yg) w ith  p r e s s u r e  (P) f o r  s e v e r a l  
q u a te rn a ry  samples c lo s e  to  y = 0 .5  i s  shown in  F ig .  6 .3 a .  Taking th e  
m agnitudes o f  hpQ> V*jj and as found from th e  v a r i a t i o n  o f  yg w i th  T 
i t  i s  p o s s i b l e  to  c a l c u l a t e  th e  ex p ec ted  v a r i a t i o n  o f  y^ w ith  p r e s s u r e  
as shown by the  s o l i d  curve  in  F ig . 6 .3 a .  I f ,  however, i t  i s  assumed t h a t  
space  Charge s c a t t e r i n g  i s  th e  a d d i t i o n a l  mechanism w ith  i t s  weak m* 
dependence as g iven by e q u a t io n  6 .2  th en  th e  dashed  cu rve  in  F ig .  6 .3 a  
i s  p r e d i c t e d .  The same p rocedu re  o f  t h e o r e t i c a l  c a l c u l a t i o n  was u sed  f o r
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th e  sample w ith  y = 0 .92  as shown in  F ig . 6 .3 b .
I t  i s  c l e a r  t h a t  th e  i n t e r p r e t a t i o n  o f  ue in  term s o f  a l l o y
s c a t t e r i n g  w ith  i t s  f u n c t io n a l  dependence o f  m* " 5 / 2  T" 2 as d e s c r ib e d ,
(29)by L i t t l e j o h n  e t  a l v /  i s  s t r o n g ly  su p p o r ted  by the  r e s u l t s .  I t  i s
i n t e r e s t i n g  to  n o te  th e  p r e s s u r e  v a r i a t i o n  o f  ye f o r  th e  b e t t e r  samples
showed a sm all b u t  d i s t i n c t  bowing as p r e d i c t e d  by th e  th e o ry ,  showing
t h a t ,  f o r  an in d iv id u a l  sam ple, th e  ex p e r im en ta l  e r r o r  was b e t t e r  than
th e  l i m i t s  i n d i c a te d  and t h a t  th e  change was a s s o c i a t e d  w ith  a change in
m* as  assumed, e
6 .2 .  Hole M o b il i ty
6 , 2 . 1 .  Composition Dependence
The room te m p era tu re  h o le  m o b i l i t y ,  yp , was measured as a fu n c t io n  o f  
th e  com position  p a ram e te r  y f o r  samples w ith  h o le  c o n c e n t r a t io n s  in  the  
low 1 0 1 6 cm- 3  range and in  th e  range 1 - 2  x 1 0 1 8 cm~3, and th e  r e s u l t s  a re  
shown in  F ig .  6 .4 .  As can be seen ,  th e re  i s  a s t ro n g  downward bowing 
towards th e  c e n t r e  o f  th e  a l l o y  range t h a t  i s  c o n s id e ra b ly  s t r o n g e r  than  
t h a t  o f  y ;. The m o b i l i ty  a t  y = 0 i s  a b o u t 140cm2V-1 s -1 f o r  samples 
w ith  c a r r i e r  c o n c e n t r a t io n  in  th e  1 0 1 6 cm- 3  range and i s  i n  v e ry  good 
agreem ent w ith  acc ep ted  v a lu es  f o r  I n P ^ ^ .  The e l e c t r o n  m o b i l i t y  a t  
y = 1 has re c e iv e d  f a r  more a t t e n t i o n  than  th e  h o le  m o b i l i t y ,  b u t  P e a r s a l l  
e t  a l  found th e  h ig h e s t  m o b i l i t y ,  yp = SOOcm^Vs*"1 as, w i th  e l e c t r o n s ,  i s  
a t  th e  t e r n a r y  boundary which i s  c o n s i s t e n t  w ith  th e  v a lu e s  shown in  
F ig . 6 .4 .
6 . 2 ;2 .  Tem perature Dependence
Arguments s i m i l a r  to  th o se  used fo r  y app ly  to  yD. The s t r o n g
0  ’ r
downward bowing o f  th e  room te m p era tu re  m o b i l i ty  cannot be e x p la in e d  by 
c o n s id e r in g  th e  u sua l  h o le  b in a ry  compound s c a t t e r i n g  mechanisms a lo n e ,  
so an a d d i t i o n a l  mechanism must be in t ro d u c e d  to  e x p la in  th e  d i f f e r e n c e .
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Again, to  ga in  in fo rm a t io n  abou t th e  s c a t t e r i n g  mechanisms in v o lv ed  
in  l i m i t i n g  th e  m o b i l i ty ,  measurements were made as a fu n c t io n  o f  
te m p e ra tu re  between 77-300K. .
The te m p era tu re  dependence o f  m o b i l i ty ,  lip, f o r  th r e e  l i g h t l y  
doped samples i s  shown in  F ig .  6 .5 .  In  a l l  samples i n v e s t i g a t e d  Pp 
in c re a s e d  w ith  d e c re a s in g  te m p era tu re  down to  about 1 0 0 K and th e n  began 
to  d e c re a se  i n d i c a t i n g  t h a t  io n iz e d  im p u r i ty  s c a t t e r i n g  does n o t  p la y  
an im p o r ta n t  p a r t  i n  d e te rm in in g  th e  room tem p era tu re  m o b i l i t y .  Again 
i f  one o n ly  co n s id e re d  th e  u su a l  b in a ry  compound h o le  s c a t t e r i n g  mechanisms 
o f  p o l a r  o p t i c a l  phonons, n o n -p o la r  o p t i c a l  and a c o u s t i c  phonons and 
io n iz e d  im p u r i t i e s  to  f i t  to  th e  room te m p era tu re  m o b i l i t y  an u n a c c e p ta b le  
v a r i a t i o n  o f  m o b i l i ty  i s  o b ta in e d  o ver  th e  r e s t  o f  th e  te m p e ra tu re  range  
and so an a d d i t i o n a l  mechanism w ith  a m o b i l i ty  te m p e ra tu re  dependence o f  
T“ 2 i s  in c lu d e d ,  c o r re sp o n d in g  to  space charge o r  a l l o y  s c a t t e r i n g .  Good 
f i t s  can be ach iev ed  w e ll  w i th in  th e  l i m i t s  o f  ex p e r im en ta l  e r r o r  a c ro s s  
th e  com position  range  as  shown in  F ig .  6 .5 .  The m o b i l i t i e s  c o r re sp o n d in g  
to  th e  in d iv id u a l  mechanism a r e  i n d i c a t e d  on th e  diagram and th e  t o t a l  
m o b i l i ty  l i m i t  imposed by summing th e  i n d i v id u a l  m o b i l i ty  l i m i t s  i s  shown 
by th e  s o l i d  l i n e  going th rough  and very  c lo s e  to  th e  e x p e r im e n ta l ly  
measured v a lu e s .  As w ith  th e  e l e c t r o n  m o b i l i ty  th e  am b igu ity  in  
i n t e r p r e t a t i o n  can be re s o lv e d  by h igh  p r e s s u r e  measurements. This  i s  
d e a l t  w ith  in  th e  n e x t  s e c t i o n .
6 . 2 .3 .  P re s s u re  Dependence
As w ith  n - ty p e  m a te r ia l  th e  am bigu ity  in  th e  i n t e r p r e t a t i o n  o f  th e  
d a ta  f o r  m o b i l i ty  as a fu n c t io n  o f  te m p era tu re  can be r e s o lv e d  by 
s tu d y in g  the  p r e s s u r e  dependence because  a l l o y  s c a t t e r i n g  and space  charge  
s c a t t e r i n g  do n o t  depend on e f f e c t i v e  mass in  th e  same way.
The measured v a r i a t i o n  o f  th e  h o le  m o b i l i t y  as  a fu n c t io n  o f  h y d r o s t a t i c
y =0-64 y = 0 • 8 y = 0-91
Hole
mobil ity
(cm
a
3000
1000
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c
100
100 300300100
Temperature (K)
100 300
Figure 6.5 Temperature dependence of 
the hole mobility for three samples 
with carrier cone, of ^5x10l6cm"3 Expt. 
data ( • ) can be matched by a 
combination,shown as a solid line,of
(Q) y - 1 3o*^) npo+ac^ ^ a lanc*
p r e s s u r e  f o r  two samples w ith  com position  v a lu e s  o f  y = 0 .6 4  and 
y = 0 .8  a re  shown in  F ig .  6 . 6 a and 6 . 6 b. The s c a t t e r ,  b e l ie v e d  to  be 
caused by sm all te m p e ra tu re  f l u c t u a t i o n s  a r i s i n g  from h e a t in g  o f  th e  
o i l  d u r in g  th e  com pressive  s t r o k e  appea rs  l a rg e  b u t  th e  t o t a l  change in  
m o b i l i ty  i s  o n ly  a b o u t 5% to  15 k b a r s .  Taking i n t o  account th e  e f f e c t i v e  
mass dependence o f  ypQ, y^c + NPQ> Vjj a n 4  V^Lin  th e  a p p r o p r ia t e  r a t i o s  
i n d i c a t e d  by th e  te m p e ra tu re  dependence o f  yp th e  s o l i d  curves  in  F ig .  6 . 6 a 
and 6 . 6 b were c a l c u l a t e d  f o r  th e  a p p r o p r ia t e  com position  u s in g  th e  p r e s s u r e  
dependence o f  e f f e c t i v e  mass as c a l c u l a t e d  in  S e c t io n  4 . 9 . 5 .  When yP^
p
was r e p la c e d  by yQr, w ith  i t s  weaker m* dependence, th e  dashed  cu rve  wasoL
o b ta in e d .
These r e s u l t s  i n d i c a t e  t h a t  i n t e r p r e t a t i o n  in  term s o f  a l l o y  
s c a t t e r i n g  i s  to  be p r e f e r r e d .  I t  shou ld  be m entioned t h a t  th e  r e s u l t s  
shown in  F ig .  6 .3  f u r t h e r  s u p p o r t  th e  i n t e r p r e t a t i o n  o f  th o s e  shown 
in  F ig .  6 . 6 . I f ,  f o r  example, th e  change in  yg in  F ig .  6 .3  were due to  
a change in  p r e s s u r e  o f  NgA, th e  space  charge  s c a t t e r i n g  d e n s i t y  and 
c ro s s  s e c t i o n ,  th en  a s i m i l a r  change might be expec ted  in  yp w ith  P.
In  f a c t  i t  i s  a lm os t an o rd e r  o f  magnitude s m a l le r  as p r e d i c t e d  by 
changes in  m£ a lo n e .
6 . 2 .4 .  E r ro r s  Invo lved  in  A na lys is  o f  Hole M o b il i ty  P re s su re  Dependence
The p r e s s u r e  dependence o f  th e  e l e c t r o n  m o b i l i ty  i s  co m p le te ly  
dominated by th e  la rg e  change in  e l e c t r o n  e f f e c t i v e  mass and i t  has been 
assumed t h a t  a s i m i l a r  c o n c lu s io n  can be drawn f o r  th e  h o le  m o b i l i t y .
This  i s  n o t  com ple te ly  t r u e  a l th o u g h  changes in  th e  heavy h o le  e f f e c t i v e  • 
mass a re  l a r g e r  than  th o se  o f  o th e r  p a ra m e te rs .
p
Because y ^  i s  much s t r o n g e r  than  th e  phonon s c a t t e r i n g  mechanisms 
a t  room te m p e ra tu re  th e  on ly  p a ram e te rs  whose p r e s s u r e  dependence needs 
to  be tak en  in t o  accoun t a re  th o se  which d e te rm ine  i t s  m agnitude. Those
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p a ram e te rs  which a r e  known to  be p r e s s u r e  dependen t a re  ft and m£.
S e c t io n  7 .3 .2  which d e a ls  w ith  th e  p h y s ic a l  i n t e r p r e t a t i o n  o f  AUp 
i n d i c a t e s  t h a t  i t  w i l l  n o t  change w ith  p r e s s u r e  w i th in  th e  accu racy  o f  
th e  c a l c u l a t i o n .  C a lc u la t in g  the  change in  ft and m* 5 /^2  to  15 k b a r  
one o b ta in s  a d e c re a se  o f  about 1% f o r  ft and an in c r e a s e  o f  abou t 5% f o r  
m£ I t  i s ,  t h e r e f o r e ,  q u i t e  s a f e  to  assume t h a t  th e  p r e s s u r e
p
dependence o f  y ^  i s  on ly  a fu n c t io n  o f  mjj.
p
Pgc has two p a ram e te rs  t h a t  a r e  c o n s id e re d  p r e s s u r e  dependen t NgA 
and m* th e  change in  each to  15 k b a r  i s  c a l c u l a t e d  to  be 0.7% and 1%
p
r e s p e c t i v e l y .  I n d i c a t in g  t h a t  th e  p r e s s u r e  dependence o f  yg^, i s  
u n d e re s t im a te d  by c o n s id e r in g  a change in  m£ a lo n e .  However, th e  change 
i s  n o t  l a rg e  enough to  a l t e r  th e  c o n c lu s io n  drawn in  S e c t io n  6 . 2 .3 .
CHAPTER 7
ORIGIN OF ALLOY SCATTERING POTENTIALS
7 .1 .  I n t r o d u c t io n
Having e s t a b l i s h e d  from te m p era tu re  and pi r e s s u r e  dependent
m o b i l i t y  measurements t h a t  th e  e x t r a  s c a t t e r i n g  mechanisms o ccu r in g
in  (G ain )(A sP )/InP  ap p ea r  to  be o f  th e  form d e s c r ib e d  by L i t t l e j o h n  
(29)e t  a l v J , i t  i s  p o s s i b le  to  de te rm ine  th e  magnitude o f  th e  a l l o y
s c a t t e r i n g  p o t e n t i a l  f o r  h o le s  (AU ) and e l e c t r o n s  (AU ) as  a fu n c t io n  o f
P e
th e  com position  p a ra m e te r ,  y , from measured v a lu e s  o f  Up and ye r e s p e c t ­
iv e l y ,  p ro v id e d  th e  d i s o r d e r  p a ra m e te r  S (a)  i s  known.
7 .2 .  Randomness o f  A lloy
The c o n f ig u r a t io n  e n tro p y  c o n t r i b u t i o n  to  th e  Gibbs f r e e  energy  o f  
th e  q u a te rn a ry  a l l o y  i s  p r o p o r t i o n a l  to  th e  te m p e ra tu re .  I t  i s ,  t h e r e f o r e ,  
p o s s i b l e  t h a t  th e  r e d u c t io n  o f  te m p e ra tu re  may e v e n tu a l ly  r e s u l t  i n  s i n g l e -  
phase  q u a te rn a ry  a l l o y s  becoming u n s ta b l e .  However, s e g r e g a t io n  o f  
GalnAsP in t o  two (o r  more) s e p a r a t e  phases  appea rs  to  be n e g l i g i b l y  low in  
p r a c t i c e .  On th e  o th e r  hand c a l c u l a t i o n s  by de Cremox e t  a l ^ ^  have 
su g g es ted  t h a t  some q u a te rn a ry  com position  may be u n s ta b l e  a t  te m p e ra tu re s  
used f o r  l i q u i d  phase  e p i t a x i a l  growth. I f  t h i s  i s  th e  case  a f u l l  ran g e  
o f  l a t t i c e  matched q u a te rn a ry  a l l o y s  under n e a r - e q u i l i b r iu m  c o n d i t io n s  
may depend on th e  s t a b i l i z i n g  in f lu e n c e  o f  th e  s u b s t r a t e .  However, th e  
accu racy  w ith  which th e  i n t e r a c t i o n  p a ram e te rs  f o r  th e  s o l i d  s o l u t i o n  
can be e s t im a te d  seems a t  p r e s e n t  to  be in a d e q u a te  f o r  u s e fu l  p r e d i c t i o n  
o f  th e  o rd e r in g  o f  atoms on e i t h e r  s u b l a t t i c e .
E xperim enta l ev idence  concern ing  th e  degree ' o f  d i s o r d e r  in  th e
m a te r i a l  has been p ro v id ed  by i n v e s t i g a t i o n  o f  th e  r e f l e c t i v i t y  o f  a
(43)range  o f  q u a te rn a ry  a l l o y s .  P ic k e r i n g v J was a b le  to  i n t e r p r e t  h i s  
r e f l e c t i v i t y  d a ta  on th e  b a s i s  o f  f o u r  types  o f  phonon, p o s s e s s in g
f r e q u e n c ie s  co rresp o n d in g  to  phonons p r e s e n t  in  th e  fo u r  b in a ry  
compounds InP , InAs, GaAs and GaP. The r e l a t i v e  c o n t r i b u t i o n  o f  th e  
fo u r  ty p e s  o f  phonons which a r e  found from th e  f i t t e d  o s c i l l a t o r  s t r e n g t h s  
v a r i e d  w ith  a l l o y  com position  in  a manner which i s  i n c o n s i s t e n t  w ith  a 
h igh  degree  o f  o rd e r in g ,  i . e .  th e  no rm alized  o s c i l l a t o r  s t r e n g t h  o f  th e  
InP phonon v a r i e s  w ith  y and ( l - x ) ( l - y ) ,  InAs as ( l - x ) y ,  GaAs as  xy ■ 
and GaP as x ( l - y ) .
In F ig . 7*1 th e  e f f e c t  on phonon i n t e n s i t y  o f  s t ro n g  p r e f e r e n c e  
f o r  e i t h e r  Ga-As and Iri-P p a i r i n g  o r  Ga-P and In-As p a i r i n g  i s  shown.
The ex p e r im en ta l  d a ta  c l e a r l y  l i e s  between th e s e  two ex trem es ,  c lo s e  to  
th e  l i n e  o f  random p a i r i n g s .  I t  i s ,  t h e r e f o r e ,  concluded t h a t  th e  
d i s o r d e r  p a ra m e te r  S(a) sho u ld  be c lo s e  to  u n i t y .
7 .3 .  A lloy  S c a t t e r i n g  P o t e n t i a l
7 .3 .1 .  I n t r o d u c t io n
The magnitude o f  th e  a l l o y  s c a t t e r i n g  p o t e n t i a l  a t  y = 1 i s  o f
p a r t i c u l a r  im portance f o r  d ev ice  perfo rm ance .  A c a l c u l a t i o n  o f  AUe
f 781f o r  y = 1 based  on th e  d a ta  o f  O l iv e r  and Eastman J f o r  a h ig h  m o b i l i t y
t e r n a r y  sample gave a v a lu e  o f  about 0 . 5 eV. The in f lu e n c e  o f  a l l o y
s c a t t e r i n g  d e c re a se s  tow ard y -  1 n o t  o n ly  because  AUe i s  d e c r e a s in g ,
b u t  a l s o  because  o f  th e  r e d u c t io n  in  e f f e c t i v e  mass m*. S ince  th ee
m o b i l i t y  l i m i t  imposed by a l l o y  s c a t t e r i n g  v a r i e s  as m*“ 5 //2 and th e  
m o b i l i ty  l i m i t  imposed by p o l a r  o p t i c a l  phonon s c a t t e r i n g  v a r i e s  o n ly
- 3 /  p
as m* } th e  r e l a t i v e  im portance  o f  a l l o y  s c a t t e r i n g  d e c l in e s  a s  m* 
approaches i t s  minimum v a lu e  a t  the  com posi tion  y = 1. T h is  i s  i l l u s t r a t e d  
in  F ig .  8 .1 .
7 .3 .2 .  Composition Dependence o f  AUc
The r e s u l t  o b ta in e d  f o r  AUe as a f u n c t io n  o f  th e  com posi t ion  p a ra m e te r
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y i s  shown in  F ig . 7 .2 .  There i s  a s w i f t  r i s e  from zero  a t  y = 0 to
a b road  minimum a t  th e  c e n t r e  o f  th e  a l l o y  range where AUe i s
ap p ro x im ate ly  0.7eV and then  a slow d e c re a se  towards y = 1. The s o l i d
l i n e  was chosen on th e  b a s i s  o f  th e s e  r e s u l t s  in  o r d e r  to  f a c i l i t a t e
f u r t h e r  c a l c u l a t i o n s .  The t r e n d  seems to  be su p p o r te d  by th e  r e s u l t s  o f  
C741L i t t l e j o h n  e t  a l  . Sharp peaks in  th e  v a r i a t i o n  o f  AUe w ith  y were
(7 7 )  (72 )r e p o r te d  by B h a t tach a ry a  e t  a l v J and by Marsh, Houston and Robsonv
b u t  lo c a te d  a t  d i f f e r e n t  v a lu e s  o f  y ; 0 .5  and 0 .95  r e s p e c t i v e l y .  The
(72)v a lu e  o f  AU deduced by Marsh e t  al- ■ a re  low er a t  low y. This  i s  e J
p a r t l y  due to  th e  f a c t  t h a t  th ey  assumed a s i g n i f i c a n t  amount o f  
defo rm a tio n  p o t e n t i a l  s c a t t e r i n g  n e a r  y = 0 , which would a f f e c t  p a r t i c u l a r l y
t h e i r  p o in t s  c lo s e  to  y = 0 .1  and y = 0 .2 5 .
7 . 3 .3 .  Com position Dependence o f  AU^
A ll l i g h t l y  doped p - ty p e  sam ples , f o r  which th e  te m p e ra tu re  dependence 
o f  th e  h o le  m o b i l i ty  was i n v e s t i g a t e d  showed t h a t  io n iz e d  im p u r i ty  s c a t t e r ­
in g  cou ld  be ig n o red  a t  room te m p e ra tu re .  I t  i s ,  t h e r e f o r e ,  p o s s i b l e  to  
c a l c u l a t e  AU^  d i r e c t l y  from th e  measured v a lu es  o f  yp f o r  l i g h t l y  doped 
samples shown in  F ig . 6 .4  w ith o u t  re c o u r s e  each time to  th e  te d io u s  
te m p era tu re  v a r i a t i o n  m easurements.
For reaso n s  d is c u s s e d  in  S e c t io n  7 .2  S [a)  i s  tak en  as u n i t y  and th e  
r e s u l t i n g  v a lu es  o f  AU^  a r e  shown as a f u n c t io n  o f  y in  F ig .  7 .3 .  As can 
be seen  AU^  goes th rough  a broad  maximum n e a r  th e  c e n t r e  o f  th e  a l l o y  
r a n g e .  At y = 0 . 5  AU^  i s  ap p ro x im ate ly  0.3eV. Again i n t e r p r e t a t i o n  o f  th e  
r e l a t i v e  in f lu e n c e  o f  a l l o y  s c a t t e r i n g  based  on v a lu es  o f  AU^  must be 
tempered by i t s  e f f e c t i v e  mass dependence. I t  i s  i n t e r e s t i n g  to  n o te  f o r  
example t h a t ,  d e s p i t e  th e  f a c t  t h a t  A i s  l e s s  than  AUg , a l l o y  s c a t t e r i n g  
n e a r  y = 0 .5  has a much more d r a s t i c  e f f e c t  on h o le s  th a n  e l e c t r o n s  because  
o f  th e  g r e a t e r  h o le  mass and s t ro n g  dependence o f  y j^  on m* as  shown in  
F ig . 8 . 6 .
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7 .4 .  P h y s ic a l  I n t e r p r e t a t i o n  o f  AUp and AUg
7 .4 .1 .  I n t r o d u c t io n
I t  i s  i n t e r e s t i n g  to  s p e c u la te  what p h y s ic a l  s i g n i f i c a n c e  AUp •
and AUe p o s se s s  in  th e  a l l o y .  The a l l o y  s c a t t e r i n g  p o t e n t i a l  f o r  h o le s ,
AUp, has n o t  been measured f o r  any a l l o y  hence no model has been su g g e s te d
(25/)
to  e x p la in  i t s  e x i s t a n c e .  For n - ty p e  t e r n a r y  a l l o y s  Brooks p roppsed
a form x(l-x)AU f o r  th e  v a r i a t i o n  o f  AUg w ith  com p o si t io n ,  where AU i s
th e  energy  gap d i f f e r e n c e  between th e  c o n s t i t u e n t  b in a ry  compounds.
A n a ly s is  o f  th e  com position  dependence o f  m o b i l i t y  in  InAsP and G a-r ich
(811GalnAs by Makowski'and Glicksman J indeed  concluded  t h a t  th e  assum ption  
(25")
o f  Brooks cou ld  be u sed  to  e x p la in  th e  m o b i l i ty  v a r i a t i o n .  However,
H a rr is o n  and H a u s e r ^ ^  d i s c u s s e d  th e  p o s s i b i l i t y  o f  u s in g  th e  e l e c t r o n
a f f i n i t y  d i f f e r e n c e  in  o rd e r  to  de term ine  th e  im portance  o f  a l l o y
(741s c a t t e r i n g  in  t e r n a r y  m a t e r i a l .  More r e c e n t l y  L i t t l e j o h n  e t  a l v ■ have , 
su g g es ted  t h a t  th e  e l e c t r o n e g a t i v i t y  d i f f e r e n c e  may be a more a c c e p ta b le  
c a n d id a te .  The ch o ice  o f  th e  e l e c t r o n e g a t i v i t y  d i f f e r e n c e  i s  a more 
r e a so n a b le  assum ption  than  th e  o th e r s  as  i t  i s  a more fundam ental p r o p e r ty  
o f  the  m a te r ia l  w h ile  th e  o th e r s  a re  a v e ra g e s .
In  th e  fo l lo w in g  s e c t i o n  we s h a l l  t r y  to  r e l a t e  th e  a l l o y  s c a t t e r i n g  
p o t e n t i a l  to  a p h y s ic a l  p a ram e te r .
7 .4 .2 .  AU 
 P
AUp we might ex p ec t  to  be a s s o c ia t e d  w ith  f l u c t u a t i o n s  in  th e  
i o n i z a t i o n  p o t e n t i a l ,  1^. S ev e ra l  models were t r i e d .  The b e s t  f i t  was 
o b ta in e d  in  terms o f  f l u c t u a t i o n s  due to  th e  i o n i z a t i o n  p o t e n t i a l s  o f  th e  
in d iv id u a l  compounds c a l c u l a t e d  a t  th e  l a t t i c e  sp a c in g  o f  th e  q u a te r n a r y  
i . e .  a t  th e  l a t t i c e  sp ac in g  o f  InP. Using th e  th e o ry  o f  Van V e ch te n ^ * ^  
th e  i o n i z a t i o n  p o t e n t i a l s  a r e  g iven  as  I ^ = Ip(GaAs) = 5.5eV, I 2  = Ip (InA s) 
= 5.42eV, I^  = Ip(GaP) = 5.72eV and 1^■= Ip (In P )  = 5.74eV. From th e s e
th e  average  q u a te rn a ry  i o n i z a t i o n  p o t e n t i a l  Ip(Q) was c a l c u l a t e d  as 
a fu n c t io n  o f  y u s in g  th e  r e l a t i o n s h i p
I p CQ) = y ( x l 1 + ( l - x ) l 2) + ( l - y ) ( x l 3 + ( l - x ) l 4) 7.1
We then  c o n s id e r  f l u c t u a t i o n s  from th e  average  q u a te rn a ry  i o n i z a t i o n
-i
p o t e n t i a l  i . e .
AU2 = ( I p (Q) -  i p 2  7 .2
F in a l ly  (AUp) 2  was c a l c u l a t e d  from
AU2 = 22{xy U2 + (l-x)yAU 2 + x(l-y )A U 2 + (1-x)(1-y)A U 2} 7 .3
S ince  th e  s c a t t e r i n g  r a t e  i s  r e l a t e d  to  th e  s c a t t e r i n g  p o t e n t i a l  sq u a red
i t  seems more a p p r o p r ia te  to  ta k e  th e  sum o f  th e  s q u a re s ,  w h ile  th e  term
2 2  re co g n iz e s  t h a t  we have c o n s id e re d  f l u c t u a t i o n s  abou t th e  mean and n o t
peak to  peak . The r e s u l t i n g  curve f o r  AUp i s  shown in  F ig .  7 .4 .
The above model assumes t h a t  a l l  atoms a r e  e x a c t ly  on th e  t r u e
l a t t i c e  s i t e s  o f  InP. A nother approach  would be to  assume t h a t  th e
s c a t t e r i n g  a r i s e s  because  th e  in t e r a to m ic  bonds have r e la x e d  from th e
InP bond le n g th  tow ards t h e i r  n a t u r a l  bond le n g th  in  th e  b in a ry  m a t e r i a l .
The mean square  f l u c t u a t i o n  o f  th e  bond le n g th  i s  shown by th e  d o t t e d
curve in  F ig .  7 .4 .  The model does n o t  g ive  th e  magnitude o f  AUp e a s i l y
and has th e r e f o r e  been f i t t e d  a t  y = 0 .5
S ince  th e  agreem ent f o r  AUp i s  encourag ing  u s in g  a model i n  which
the  bond le n g th s  a re  t h a t  o f  InP th e  same approach was a p p l i e d  to  c a l c u l a t e
AU . e
7 .4 .3 .  AU  e
The c a l c u l a t i o n  o f  AUc i s  more com plica ted  due to  th e  e f f e c t  o f  d -c o re  
e l e c t r o n s .  AUg was c a l c u l a t e d  by c o n s id e r in g  f l u c t u a t i o n s  in  th e  d i r e c t  
energy  gap (E^) and th e  e l e c t r o n  a f f i n i t y  (E ^ ) .
C a lc u la te d  v a lu es  o f  AUg from f l u c t u a t i o n s  in  E^ gave an a lm o s t  l i n e a r  
in c r e a s e  in  AU0  to  a maximum v a lue  o f  0.4eV a t  y = 1. However, c a l c u l a t e d
0
Composition p a ram eter  y
1
Figure 7-4 Alloy scattering potential 
tor holes analysed in terms of 
fluctuations in (— —) the ionization 
potential and (--— ) the bond lengh.
0-5
0
Composition parameter y
Figure 7-5 Alloy scattering potential 
for electrons analysed in terms of
fluctuations in ( j the direct energy .
gap and (•••••••••••) the bond length.
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v a lu e s  o f  th e  f l u c t u a t i o n s  in  EQ gave much b e t t e r  agreement w ith  th e  
ex p er im en ta l  measured v a lu es  o f  AUe as shown in  F ig . 7 .5 .  Also shown 
i n  F ig .  7.5  i s  th e  model assuming t h a t  th e  atom ic bonds a r e  r e l a x e d . 1 
As w ith  th e  d e te rm in a t io n  o f  AU^  th e  magnitude o f  AUe i s  n o t  given 
e a s i l y  and has been n o rm alized  a t  y = 0 .5
The r e s u l t s  i n d i c a t e  t h a t  th e  a l l o y  s c a t t e r i n g  p o t e n t i a l  f o r  
h o le s  r e s u l t s  from f l u c t u a t i o n s  in  th e  i o n i z a t i o n  p o t e n t i a l  and th e  
a l l o y  s c a t t e r i n g  p o t e n t i a l  f o r  e l e c t r o n s  from f l u c t u a t i o n s  i n  th e  
energy  gap. U n fo r tu n a te ly  i t  i s  p a r t i c u l a r l y  d i f f i c u l t  to  p la c e  any 
p h y s ic a l  i n t e r p r e t a t i o n  on th e  r e s u l t s  because  o f  th e  u n c e r t a i n t y  i n  
the  i n t e r a c t i o n  d i s ta n c e  o f  th e  p o t e n t i a l  as w i l l  be e x p la in e d  in  th e  
n e x t  s e c t i o n .
7 .4 .4 .  D i f f i c u l t y  o f  I n t e r p r e t a t i o n
I t  w i l l  be shown in  t h i s  S e c t io n  t h a t  th e  p h y s ic a l  i n t e r p r e t a t i o n  
o f  th e  a l l o y  s c a t t e r i n g  p o t e n t i a l  i s  ex trem ely  d i f f i c u l t  i f  t h e r e  i s  
an u n c e r t a in t y  in  the  i n t e r a c t i o n  r a d iu s .
To de term ine  the  r e l a x a t i o n  time o f  any s c a t t e r i n g  mechanism th e  
s c a t t e r i n g  m a tr ix  m(k,Jc') must be c a l c u l a t e d  f o r  a t r a n s i t i o n  o f  an 
e l e c t r o n  w ith  i n i t i a l  wave v e c to r  Jc to  a f i n a l  wave v e c t o r  k ' .  The 
Bom approx im ation  was used by H a rr iso n  and H a u s e r ^ 2  ^ to  c a l c u l a t e  th e  
s c a t t e r i n g  m a tr ix  m (k ,k /)  and i t s  d e r i v a t i o n ,  which i s  shown in  b r i e f
below, can be found in  many books e . g .  E i s e b e r g ^ ^  .
I f  we c o n s id e r  a p o t e n t i a l  w e ll  o f  depth  AU and range b the  
s c a t t e r i n g  am plitude  m(k_,k^) i s  g iven  by the  Bom app rox im ation  as
,, , ^  -R* r - i  k . r  Atfrti  k f r  , „ „ ■m(k,k ') = /  e    AUe -  -  d r  7.5
where R i s  th e  reduced  mass o f  th e  e l e c t r o n - i o n  system , Jc i s  th e  i n i t i a l  
wave v e c to r  and Jk-* the  f i n a l .
The change in  wave v e c to r  i s  g iven by
Ak = k - k *' 
and i s  shown s c h e m a t ic a l ly  below
Ak
Ak = 2k s in  ( -^) 7 .6
e q u a t io n  7.4  becomes
r h lAi - -
- , ^ 2  f  &Ue d£  7 .7
o
bu t d r  = r 2dr s i n 0d 0 d0  and due to  az im u ta l  symmetry i n t e g r a t i o n  on 
0  g ives  a f a c t o r  2 tt; th e  i n t e g r a t i o n  y ie ld s
"Ckk') = ^  h ^  > 7' 8
th e  range o f  th e  p o t e n t i a l  b i s  assumed to  be -  2 .5  x 10r l o m and th e
2m* 1maximum change in  momentum Akm = (3knT( e ) ) 2 . T h e re fo re  (Akb) v -ITiclX D lUuX
8.5  x 10_2and s in c e  t h i s  i s  sm all th e  b e s s e l  fu n c t io n  j (Akb) can be 
approxim ated  by hence th e  s c a t t e r i n g  m a tr ix  squared  (from which th e  
s c a t t e r i n g  r a t e  i s  c a l c u la te d )  i s  g iven by
I < k , * o | 2 =
The range o f  th e  p o t e n t i a l ,  b ,  was chosen in  a somewhat a r b i t r a r y  
manner. I t  was c o n s id e re d  t h a t  s u b s t i t u t i o n  o f  a f o r e ig n  atom on th e  
s i t e  o f  a n a t iv e  atom would change th e  energy  l e v e l s  o u t  to  th e  n e a r e s t  
ne ighbou r.  I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  s c a t t e r i n g  m a tr ix  has a 
range dependence o f  b^ and i f  th e  i n t e r a c t i o n  range assumed i s  i n c o r r e c t  
by an amount Ab the  s c a t t e r i n g  m a tr ix  w i l l  be in  e r r o r  by an amount 
6 Ab/b. For t h i s  reason  i t  i s  d i f f i c u l t  to  c o r r e l a t e  th e  measured a l l o y  
s c a t t e r i n g  p o t e n t i a l  (AU) w ith  any p h y s ic a l  p a ram e te r  w i th in  th e  c r y s t a l
— 1 U O -
a lth o u g h  an a t tem p t has been made to  do t h i s . .  I f  i t  i s  c o n s id e re d  t h a t  
th e  cho ice  o f  b ,  th e  n e a r e s t  d i s t a n c e ,  i s  a good one then  good agreem ent 
i s  o b ta in e d  when AUe i s  c o r r e l a t e d  w ith  f l u c t u a t i o n s  in  th e  energy  gap 
and AUp w ith  f l u c t u a t i o n s  in  th e  i o n i z a t i o n  p o t e n t i a l .
As s t a t e d  e a r l i e r  th e  e l e c t r o n e g a t i v i t y  d i f f e r e n c e  would seem to  be 
th e  obvious cho ice  f o r  th e  a l l o y  s c a t t e r i n g  p o t e n t i a l  and i t  may seem 
s t r a n g e  to  th e  r e a d e r  t h a t  no a t te m p t has been made to  compare i t  w ith  
measured v a lu e s  o f  AUg and AU^. However, i f  i t  were th e  e l e c t r o n e g a t i v i t y  
d i f f e r e n c e  t h a t  was s c a t t e r i n g  th e  e l e c t r o n s  and h o le s  one would ex p ec t  
the  measured a l l o y  s c a t t e r i n g  p o t e n t i a l  to  be i d e n t i c a l  in  b o th  c a s e s ,  
and c l e a r l y  i t  i s  n o t .  A c o n s id e ra b le  amount o f  t h e o r e t i c a l  work 
in c lu d in g  such th in g s  as m u l t ip le  s c a t t e r i n g  phenomena to g e th e r  w ith  
e x p er im en ta l  i n v e s t i g a t i o n s  o f  o th e r  a l l o y  systems w i l l  p ro b ab ly  be 
r e q u i re d  b e fo re  a c l e a r  u n d e rs ta n d in g  o f  a l l o y  s c a t t e r i n g  can be o b ta in e d .
CHAPTER 8
COMPOSITION AND DOPING DEPENDENCE OF (Gain) (AsP)/InP
8 .1 .  M o b il i ty
8 . 1 .1 .  Composition dependence o f  pg
From the  measured v a r i a t i o n  o f  AUe , i t  i s  p o s s i b l e  to  de te rm ine  
th e  com position  dependence o f  a t  300K, u s in g  e q u a t io n  6 .3 .  T h is ,
i s  shown in  F ig . 8.1  by th e  dashed l i n e  to g e th e r  w ith  th e  c a l c u l a t e d  
v a r i a t i o n  o f  ppQ. The s o l i d  l i n e  r e p r e s e n t s  th e  t o t a l  m o b i l i t y  o b ta in e d  
by summing th e  two in d i v id u a l  m o b i l i t i e s  acc o rd in g  to  M a th ie s se n ’s r u l e .
The m o b i l i ty  l i m i t  due to  s c a t t e r i n g s  by io n iz e d  im p u r i t i e s  has n o t  been 
in t ro d u c e d  i n t o  th e  c a l c u l a t i o n ,  as y e t ,  so th e  s o l i d  l i n e  r e p r e s e n t s  the  
b e s t  o b ta in a b le  m o b i l i ty  i n  th e s e  m a te r i a l s .
I t  i s  i n t e r e s t i n g  to  n o te  th e  v a r i a t i o n  o f  p ^  p a r t i c u l a r l y  a t  
h igh  y v a lu e s .  Although AUe rem ains re a so n a b ly  c o n s ta n t  from y = 0 .5  
to  y = 1 the  e f f e c t  o f  p ^ d e te rm in in g  to  t o t a l  m o b i l i ty  becomes much 
s m a l le r  w ith  in c r e a s in g  y s in c e  pAT i s  s t r o n g ly  dependen t on m*; whichAL 0
d e c re a se s  towards th e  t e r n a r y  boundary . S ince  th e  m o b i l i t y  l i m i t  imposed
-5/2
by a l l o y  s c a t t e r i n g  v a r i e s  as  m* and th e  m o b i l i ty  l i m i t  imposed by 
p o la r  o p t i c a l  s c a t t e r i n g  v a r i e s  as  m*“ 3 /2 th e  r e l a t i v e  im portance  o f  a l l o y  
s c a t t e r i n g  d e c l in e s  as m* approaches  i t s  minimum v a lu e  o f  y = 1. A 
somewhat s i m i l a r  curve was g iven by Leheny e t  a l  .
Using th e  com position  v a r i a t i o n  o f  p^L and ppg shown in  F ig .  8.1 
i t  i s  p o s s ib le  to  de te rm ine  th e  v a r i a t i o n  o f  th e  n e t  m o b i l i t y  as a f u n c t io n  
o f  y and th e  c o n c e n t r a t io n  o f  donors Np and com pensating a c c e p to r s  N^. 
Examples a re  shown in  F ig s .  8 .2 ,  8 .3  and 8 .4  f o r  th r e e  d i f f e r e n t
. . nacom pensation r a t i o ,  o f  0 ,  0 .3  and 0 .5  r e s p e c t i v e l y .  I t  i s  assumed
D
in  th e  c a l c u l a t i o n  t h a t  a l l  a c c e p to rs  and donors a r e  io n iz e d  and hence th e  
c a r r i e r  c o n c e n t r a t io n  n = Np - N^: t h i s  can be concluded  from th e  v e ry
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2.1 g
sm all measured v a r i a t i o n  o f  c a r r i e r  c o n c e n t r a t io n  w ith  te m p e ra tu re .
Na
F ig .  8 .2  shows th e  m o b i l i ty  v a r i a t i o n  f o r  r r -  = 0 i . e .  t h e r e  a r e  no
D
com pensating a c c e p to r s  p r e s e n t .  From f i t s  to  th e  te m p e ra tu re  dependence 
o f  m o b i l i ty  a t y p i c a l  com pensation r a t i o  f o r  m a te r ia l  w i th  background 
dop ing  appea rs  to  be about 0 .3  and F ig . 8 .3  shows th e  m o b i l i t y  v a r i a t i o n
naf o r  xt~ = 0 .3 .  F ig .  8 .4  shows th e  m o b i l i ty  v a r i a t i o n  f o r  m a te r i a l  w ith  
NA D
rr— = 0 .5  which would be co n s id e re d  as a h ig h  com pensation r a t i o  f o r  t h i s  
D
a l l o y .
In  th e s e  c a l c u l a t i o n s  i t  i s  assumed th a t  M a th ie s se n 's  r u l e  can be 
a p p l ie d ,  t h a t  AUe v a r i e s  w ith  y b u t  i s  independen t o f  and N^, and 
t h a t  th e  B rooks-H erring  r e l a t i o n s h i p  ho ld s  f o r  q u i t e  l a r g e  v a lu e s  o f  
Np -  and Np + N^. F u r th e r  ev idence f o r  th e  v a l i d i t y  o f  th e s e  
a ssum ptions  i s  p r e s e n te d  in  S e c t io n  8 .3 .
8 .1 .2 .  Tem perature Dependence o f  uc f o r  Pure M a te r ia l
As can be seen  in  F ig .  6 .2  th e  in f lu e n c e  o f  a l lo y  s c a t t e r i n g  becomes 
more pronounced as th e  te m p era tu re  i s  low ered. M o b i l i t i e s  o f  j u s t  o ve r  
200,000cm2 V- 1 s _1  have been observed  a t  l i q u i d  n i t r o g e n  te m p e ra tu re s  in  
v e ry  p u re  GaAs. This cannot be expec ted  in  th e  q u a te rn a ry  a l l o y ;  i n s t e a d  
th e  a l l o y  s c a t t e r i n g  p o t e n t i a l  o f  F ig .  7 .2  would p r e d i c t  cu rves  as  shown 
in  F ig .  8 .5  by c o n s id e r in g  th e  te m p era tu re  v a r i a t i o n  o f  and y ^  a lo n e .  
At low te m p era tu re s  th e  m agnitude o f  AUe i s  more s i g n i f i c a n t  showing t h a t  
i t  i s  n o t  p o s s i b l e  to  o b ta in  m o b i l i t i e s  s i m i l a r  to  t h a t  i n  GaAs even a t  
y = 1. This i s  p a r t i c u l a r l y  im p o r ta n t  f o r  low te m p e ra tu re  m odu la tion  
doped f i e l d  e f f e c t  d ev ice s  which show v ery  h igh  m o b i l i t i e s  in  GaAs and, 
w i th o u t  any a l l o y  s c a t t e r i n g ,  might have been expec ted  to  be even b e t t e r  
f o r  th e  t e r n a r y  on InP.
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8 .2 .  Hole M o b il i ty
8 . 2 . 1 . Composition Dependence o f
As th e  com position  v a r i a t i o n  o f  y ^  was de term ined  from AUg
p
in  S e c t io n  8 .1 .1  so yAT a t  300K has been de term ined  from th eAL
com position  dependence o f  AUp. This  i s  shown in  F ig . 8 . 6  w ith  th e
o th e r  im p o r ta n t  h o le  m o b i l i ty  l i m i t s  o f  ypQ and F ^ +NPq • Again
io n iz e d  im p u r i ty  s c a t t e r i n g  has  been o m it te d  and th e  s o l i d  curve
o b ta in e d  by th e  summation o f  th e  a d d i t i o n a l  mechanisms(shown as dashed
cu rves)  acc o rd in g  to  M a th ie s s e n 's  r u l e  r e p r e s e n t s  th e  b e s t  o b ta in a b le
room te m p e ra tu re  m o b i l i ty  f o r  p - ty p e  m a te r i a l .
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  d e s p i t e  th e  f a c t  t h a t  AUp i s  l e s s
than  AUe> a l lo y  s c a t t e r i n g  n e a r  y = 0 .5  has a much more d r a s t i c  e f f e c t
on h o le s  than  on e l e c t r o n s  because  o f  th e  g r e a t e r  h o le  mass and
-,Ps t r o n g  dependence o f  ylAT on m*
al h
Again we have t r i e d  to  p r e d i c t  th e  v a r i a t i o n  o f  th e  h o le  m o b i l i t y
kN
n Das a fu n c t io n  o f  th e  com pensation r a t i o  ( ~ )  and th e  c a r r i e r  c o n c e n t r a t io n
N Ap = N.-Nn f o r  th r e e  d i f f e r e n t  v a lu e s  o f  _D. F ig .  8 .7  shows th e  c a l c u l a t e d
N ND Am o b i l i ty  f o r  rr— = 0 : (no donors p r e s e n t ) .  This r e p r e s e n t s  th e  b e s t  o b ta in -
A
ab le  m o b i l i ty  f o r  t h i s  m a t e r i a l .  The v a r i a t i o n  o f  m o b i l i t y  f o r  m a te r i a l
w ith  a com pensation r a t i o  o f  0 .5  i s  shown in  F ig .  8 . 8 . C o n s id e ra t io n  o f
measured compensation r a t i o s d i s c u s s e d  l a t e r  i n d i c a t e  t h a t  t h i s  sh o u ld
be c o n s id e re d  as  a l i g h t l y  compensated m a te r i a l .  F ig .  8 .9 .  shows
NDth e  m o b i l i ty  v a r i a t i o n  f o r  m a te r ia l  w ith  = 0 .7  which ap p ea rs  to  be a
A
t y p i c a l  com pensation r a t i o  from c o n s id e r a t io n  o f  te m p e ra tu re  dependent 
m o b i l i ty  measurements.
When c a l c u l a t i n g  th e  h o le  m o b i l i ty  the  same th r e e  assum ptions  used  f o r  
de te rm in in g  the  e l e c t r o n  m o b i l i ty  a r e  assumed.
8 .2 .2 .  Coftcty\\-r<A»oADependence o f  th e  A lloy  S c a t t e r in g  P o t e n t i a l
To de te rm ine  w hether  o r  n o t  th e  a l l o y  s c a t t e r i n g  p o t e n t i a l  i s  doping
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dependent one would i d e a l l y  l i k e  to  s tu d y  th e  te m p e ra tu re  dependence
o f  m o b i l i t y ,  o f  y o r  y , f o r  d i f f e r e n t  doping l e v e l s  and a n a ly se  th e  e p
r e s u l t s  a s  shown in  F ig .  6 .2  and F ig . 6 .5 .  U n fo r tu n a te ly ,  t h i s  i s  n o t  so 
u s e f u l  s in c e  th e  B rooks-H erring  form ulae d e s c r ib in g  th e  io n iz e d  im p u r i ty  
m o b i l i t y  l i m i t  i s  n o t  v a l i d  a t  low te m p era tu re s  o r  a t  th e  h ig h  c a r r i e r  
c o n c e n t ra t io n s  t h a t  would be o f  i n t e r e s t .  However, by s tu d y in g  th e  
te m p e ra tu re  dependence o f  th e  h o le  c o n c e n t r a t io n  i n  Mn-doped sam ples ,
S e c t io n  8 . 3 . 2  i t  has been p o s s i b l e  to  show t h a t  th e  com pensa tion  r a t i o  
i s  about 0 .7  in  each c a se .  I f  th e  same com pensation r a t i o  a p p l i e s  f o r  
every  sample i t  i s  p o s s i b l e  to  c a l c u l a t e  th e  degree  o f  io n iz e d  im p u r i ty  
s c a t t e r i n g  f o r  c a r r i e r  c o n c e n t r a t io n  in  th e  range  p = 1 x 1 0 1 8 cm- 3  and 
2 x 1 0 1 8 cm- 3  and combine t h i s  w ith  th e  e x p e r im e n ta l ly  de te rm ined  v a lu e s
P p p
o f  y ^ >  ypQ and V^po+Ac* can seen  in  F ig .  6 .4  good agreem ent 
i s  o b ta in e d  between the  c a l c u l a t e d  v a lu e s  o f  m o b i l i ty  f o r  m a te r i a l  w ith  
the  above m entioned h o le  c a r r i e r  c o n c e n t r a t i o n s ,  as  shown by th e  d o t t e d  
l i n e s ,  and the  e x p e r im e n ta l ly  measured m o b i l i t i e s  w ith  c a r r i e r  c o n c e n t r a t i o n s  
between 1 and 2 x 1 0 1 8 cm“ 3. The agreem ent, which i s  w i th in  th e  l i m i t s  o f  
e x p e r im en ta l  e r r o r  between th e o ry  and experim ent s u g g e s t s ,  to  a f i r s t  
ap p ro x im atio n ,  t h a t  th e  a l l o y  s c a t t e r i n g  p o t e n t i a l  i s  in d e p en d en t o f  
c a r r i e r  c o n c e n t r a t io n  i f  the  o th e r  assum ptions  used to  c a l c u l a t e  th e  
v a r i a t i o n  o f 'm o b i l i t y  w ith  c o n c e n t r a t io n  a r e  j u s t i f i e d  a t  300K.
8 . 3 .  Mn Doped M a te r ia l
8 . 3 . 1 .  I n t r o d u c t io n
No a c c e p to r  dopan t f o r  InP, o r  f o r  q u a te rn a ry  a l l o y s  l a t t i c e  matched 
to  i t ,  i s  e n t i r e l y  s a t i s f a c t o r y .  Dopants from Group IV o f  th e  p e r i o d i c  
t a b l e  are  p r e f e r e n t i a l l y  in c o rp o ra te d  on th e  more sp a c io u s  In  s i t e s  and 
th e r e f o r e  behave p r im a r i ly  as donors .  Dopants from Group I I ,  a l s o  
in c o rp o ra te d  on In  s i t e s ,  behave as a c c e p to r s  b u t  s u f f e r  from v a r io u s  
d isa d v a n ta g e s  such as t o x i c i t y  (Be) and a h igh  a f f i n i t y  f o r  oxygen (C d ,  Z n).
Among the  t r a n s i t i o n  e lem en ts  Mn would ap p ea r  to  be th e  most a t t r a c t i v e
a l t e r n a t i v e  to  Zn, th e  most commonly used  a c c e p to r  dopan t in  th e s e
m a t e r i a l s .  The v o l a t i l i t y  o f  Mn a t  l i q u i d  phase  e p i ta x y  growth te m p era tu re
i s  n e g l i g i b l e ,  th e  a f f i n i t y  o f  Mn f o r  oxygen i s  o n ly  s l i g h t l y  above t h a t
o f  Ga. With f i v e  3d e l e c t r o n s  Mn atoms have chem ical p r o p e r t i e s  s i m i l a r
to  th o s e  o f  Zn atoms, in  which te n  e l e c t r o n s  co m p le te ly  f i l l  th e  3d
l e v e l s .  F u r th e r ,  in  GaAs th e  a c c e p to r  l e v e l  a s s o c ia t e d  w i th  Mn has  an
a c t i v a t i o n  energy  o f  ap p ro x im ate ly  0.09eV and i s  th u s  sh a l lo w e r  than  t h a t
(84 ,85)
o f  o th e r  t r a n s i t i o n  e lem ents  • Mn doped q u a te rn a ry  m a te r i a l  was
an a ly se d  to  see  i f  i t  cou ld  be used as a p o s s i b l e  a l t e r n a t i v e  to  Zn.
8 . 3 .2 .  A c t iv a t io n  Energy (e^)
H all  measurements were made on Van d e r  Pauw c lo v e r  l e a f  sam ples ,  
w ith  ion  im p lan ted  c o n t a c t s ,  from 300K down to  l i q u i d  n i t r o g e n  te m p e ra tu re s  
in  o rd e r  to  de term ine  w hether  th e  o b se rved  d e c re a se  i n  m o b i l i t y  w ith  
com position  was due to  an in c r e a s e  in  th e  io n iz e d  im p u r i ty  s c a t t e r i n g  
a lo n e .  From th e se  r e s u l t s  i t  i s  p o s s i b l e  to  c a l c u l a t e  th e  v a r i a t i o n  o f  
c a r r i e r  c o n c e n t r a t io n  w ith  te m p e ra tu re .  The r e s u l t  o f  th r e e  measurements 
a re  shown in  F ig . 8 .10 . The s o l i d  l i n e  th ro u g h  th e  p o in t s  shows th e  
computed b e s t  f i t  u s in g  the  e x p re s s io n
p ( p + ND) Nv - e A .
V V T  ■ r  exp ■ R A
which i s  d e r iv e d  in  Appendix 2. and a re  th e  a c c e p to r  and donor 
d e n s i t i e s  r e s p e c t i v e l y ,  the  the rm al a c t i v a t i o n  energy  o f  th e  Mn 
le v e l  and g i s  th e  degeneracy  which was assumed to  be 2. The v a len ce  
band d e n s i t y  o f  s t a t e  e f f e c t i v e  mass, mj , was de term ined  u s in g  th e  
r e l a t i o n s h i p
2 / 3
-  (m* 3 / 2  + m£3/2) 8 . 2
where m  ^ i s  th e  heavy h o le  e f f e c t i v e  mass and m* i s  th e  l i g h t  h o le
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e f f e c t i v e  mass. N ., and e. o b ta in e d  from the  f i t s  a r e  l i s t e d  below A D A
y
0.64
NAx lO " 1 7 cm“ 3
183
NpXlO~1 7 cm- 3
82
e ^ x l0 2eV
2 .3
0 . 8 2.7 2 . 0 4 .8
0.91 2 . 1 1.4 4 .8
8 . 3 .3 .  Doping Dependence o f
The a c t i v a t i o n  energy  i s  s t r o n g l y  dependent on th e  a c c e p to r  and
r o n
h o le  d e n s i t i e s  and may be w r i t t e n  as
e. = z. + k  N. 1 / 3  8 .3A o A
when a l l  th e  a c c e p to r s  a r e  io n iz e d ,  becoming l a r g e r  a t  low er t e m p e ra tu re s .
U n fo r tu n a te ly  a g r e a t  d ea l  more d a ta  would be r e q u i r e d  to  d e te rm ine  e^ \
th e  a c t i v a t i o n  energy a t  low a c c e p to r  d e n s i t i e s  and th e  v a lu e  o f  k  a t
each com posi tion .  However, by com parison w ith  th e  measured a c c e p to r
e n e rg ie s  in  o th e r  m a te r i a l s  such as Mn in  G a A s ^ ^  and B in  S i l i c o n
one can o b ta in  approx im ate  v a lu es  o f
e '  (y = 0 .64 )  = 0 . 1 eV
and e '  (y = 0 .91 )  * 0.07eV
These v a lu e s  a r e  in  re a so n a b le  agreem ent w ith  th o se  measured o p t i c a l l y  
T871by Eaves . Of p a r t i c u l a r  im portance  i s  th e  low v a lu e  f o r  th e  
com m ercia lly  im p o r ta n t  As r i c h  r e g io n  where i t  i s  c l e a r  t h a t  Mn forms 
a u s e fu l  a c c e p to r  a t  th e  doping l e v e l s  r e q u i r e d  in  a c t i v e  d e v ic e s .  Recent 
measurements by Chanel, Houston and R o b s o n o n  Mn doped Ga^ 4 7 ! ^  5 3 AS 
have de term ined  an a c t i v a t i o n  energy  o f  52.5MeV f o r  th e  a c c e p to r  l e v e l  
i n d i c a t i n g  t h a t  i t  i s  indeed  s m a l le s t  in  th e  t e r n a r y .  I t  i s  d i f f i c u l t  
however to  compare t h e i r  r e s u l t s  w ith  th o s e  p r e s e n te d  h e re  as  m£ was n o t  
g iven .
8. 3 .4 .  U n c e r ta in ty  in
One i n t e r e s t i n g  p o i n t  shou ld  be n o te d  when t a lk in g  about a c t i v a t i o n  
e n e rg ie s  in  th e  q u a t e r n a r y .  Because th e  a l l o y  i s  random, th e  Mn atom 
t h a t  s i t s  on an indium s i t e  may have f i v e  p o s s i b l e  com binations  o f  
n e a r e s t  n e ig h b o u rs ,  i . e .  f o u r  As atoms, th r e e  As and one P, two As and two 
P, one As and th r e e  P o r  f o u r  P, and one would assume t h a t  th e  n e a r e s t  
ne ig h b o u r  s u r ro u n d in g s  would p la y  an im p o r ta n t  p a r t  i n  d e te rm in in g  the  
a c c e p to r  l e v e l  energy .  A lthough one o b ta in s  a v a lu e  f o r  when f i t t i n g  
to  th e  te m p era tu re  dependence o f  th e  h o le  c a r r i e r  c o n c e n t r a t i o n ,  i t  would 
seem very  l i k e l y  t h a t  does n o t  have a v e ry  w e ll  d e f in e d  energy  b u t  i s  
broadened  w ith  th e  c a l c u l a t e d  v a lu e  o f  b e in g  an a p p r o p r ia t e  av e ra g e .
The energy  sp read  o f  i s  l i k e l y  to  be g r e a t e s t  around th e  m iddle  o f  th e  
a l l o y  range te n d in g  towards a much s m a l le r  v a lue  a t  th e  t e r n a r y  boundary ; 
I f  one c o n s id e r s  th e  t e r n a r y  boundary, where the  Mn atom w i l l  on ly  have 
n e a r e s t  n e ighbours  o f  As atoms, one would e x p ec t  th e  measured a c t i v a t i o n  
energy  to  be s i m i l a r  to  t h a t  o f  GaAs as th e  Mn atom i s  s i m i l a r l y  
su rrounded  by a m a tr ix  o f  As atoms. In  f a c t  th e  e x t r a p o la t e d  energy  o f
0.07eV i s  s i m i l a r  to  t h a t  o f  Mn in  GaAs which i s  0 . 0 9 e V . ^ ^
CHAPTER 9
HIGH FIELD MEASUREMENT AND THEORY
9 .1 .  • I n t r o d u c t io n
W h ils t  s tu d y in g  th e  e f f e c t  o f  h igh  e l e c t r i c  f i e l d s  on n - ty p e
GaAs J .B .  G u n n o b s e r v e d  microwave c u r r e n t  o s c i l l a t i o n s .  The
mechanism r e s p o n s ib le  f o r  th e s e  o s c i l l a t i o n s  was s u b se q u e n tly  confirm ed
to  be th e  t r a n s f e r r e d  e l e c t r o n  e f f e c t  proposed  e a r l i e r  by R id ley  and
W a t k i n s ^ ^  and H i l s u m ^ ^  . The Gunn e f f e c t  has been th e  s u b je c t  o f
192-941many books and rev iew s and w i l l  n o t  be d e a l t  w ith  h e re  i n  g r e a t
d e t a i l .
Under th e  in f lu e n c e  o f  a h igh  e l e c t r i c  f i e l d ,  e l e c t r o n s  in  th e  T „
minimum, which have a h igh  m o b i l i ty  w i l l  be a c c e l e r a t e d  and when t h e i r
\
energy  i s  g r e a t e r  than  th e  sub-band gap th e y  w i l l  t r a n s f e r  to  th e  n e x t  
h ig h e s t  s a t e l l i t e  v a l l e y  because  o f  i t s  h igh  d e n s i t y  o f  s t a t e s  ( th e  L 
minima in  th e  q u a t e r n a r y ) .  I t  shou ld  be n o te d  t h a t  th e  Gunn e f f e c t  w i l l  
on ly  o ccu r  i f  th e  in te r b a n d  energy  between th e  minimum and a 
s a t e l l i t e  minima i s  l a r g e r  than  a few kDT and s m a l le r  than  th e  d i r e c t
D
energy  gap. The e l e c t r o n s  in  th e  s a t e l l i t e  minima have a much l a r g e r  
e f f e c t i v e  mass and hence much s m a l le r  m o b i l i ty  r e s u l t i n g  in  a v e l o c i t y  
f i e l d  c h a r a c t e r i s t i c  as shown in  F ig .  9 .1 .  Beyond a t h r e s h o ld  f i e l d ,  F^,, 
th e  average  e l e c t r o n  v e l o c i t y  d e c re a se s  w ith  in c r e a s in g  f i e l d  i . e .  t h e r e  
e x i s t s  a re g io n  o f  n e g a t iv e  d i f f e r e n t i a l  m o b i l i ty  (NDM). When a re g io n  
o f  NDM e x i s t s  c u r r e n t  i n s t a b i l i t i e s  o ccu r  due to  th e  fo rm atio n  o f  h ig h  
f i e l d  domains so t h a t  n e i t h e r  th e  e l e c t r i c  f i e l d  o r  th e  e l e c t r o n  d e n s i t y  • 
a r e  indep en d en t o f  p o s i t i o n  o r  t im e . The h igh  f i e l d  domain t r a v e l s  a c ro s s  
th e  sample and decays a t  th e  anode, s im u l ta n e o u s ly  a new domain i s  
n u c le a te d  a t  th e  ca thode  and hence h igh  f requency  c u r r e n t  o s c i l l a t i o n s  can 
be s e t  up.
9 .2 .  Mechanism o f  Gunn E f f e c t
At room te m p era tu re  th e  dominant e l e c t r o n  s c a t t e r i n g  mechanism i n  th e
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Figure 9.1 Form of velocity -  field 
characteristic of GaAs.
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Electric Field (kVcnf1)
9.2 Electron temperature vs. 
electric field.
v 2 '  minimum o f  b in a ry  compound sem iconductors  i s  p o l a r  o p t i c a l  phonon s c a t t e r i n g  
E le c t ro n s  t h a t  a c q u i r e  energy  from an a p p l ie d  f i e l d  d i s s i p a t e  t h e i r
energy  by c r e a t i n g  o p t i c a l  phonons, however, as th e  f i e l d  i n c r e a s e s ,  and th e
e l e c t r o n s  a c q u i re  more energy ,  p o l a r  o p t i c a l  phonon s c a t t e r i n g  becomes much
w eaker. At a c r i t i c a l  e l e c t r i c  f i e l d  (Fc ) th e  e l e c t r o n s  g a in  more energy
between c o l l i s i o n s  th an  th ey  can lo s e  and hence th e  e l e c t r o n  te m p era tu re
(951i n c r e a s e s ,  r a p id l y .  S t r a t t o n  showed t h a t  Fc f o r  e l e c t r o n s  m  a
p a r a b o l i c  band i s  g iven by .
- 1 e - \ m * e  kD0 n . •F = ( 00 - o 1 e B 9 .1
. c .  ------------------------ — ------------- :------------ — ---------------  '
2 h 2
F£ g iv e s  a good app rox im ation  f o r  th e  th r e s h o ld  f i e l d  (F^,) a t  room 
te m p e ra tu re .
I t  shou ld  be p o in te d  o u t  t h a t  e l e c t r o n s  occupying s t a t e s  i n  th e
conduc tion  band c lo s e  to  th e  bottom o f  v a l l e y  have a c o n s ta n t  energy  s u r f a c e
t h a t  i s  s p h e r i c a l  and th e  energy  i s  r e l a t e d  to  th e  wave v e c t o r  k by th e
sim ple  p a r a b o l i c  r e l a t i o n
t i 2k 2E = 9 .2
2m* e
At h ig h e r  e n e rg ie s  the  band i s  n o t  p a r a b o l i c  and e q u a t io n  9 .2 .  no lo n g e r
h o ld s .  Using K a n e s k . p  th e o ry  one can o b ta in  th e  energy  dependence
o f  m*. This  i s  g iven ap p ro x im ate ly  by
m*(E) = m* (1 + aE) 9 .3
where m* i s  th e  e f f e c t i v e  mass a t  th e  bottom  o f  th e  co n d u c t io n  band and e
a i s  th e  n o n - p a r a b o l i c i t y ^ ^  g iven  by
.  m* 2
oc = i  (1 - — ) 9 .4
Eo v
T h e re fo re  as  e l e c t r o n s  a re  e x c i t e d  h ig h e r  in  th e  co n d u c t io n  band, where
i t  becomes n o n -p a ra b o l ic ,  t h e i r  e f f e c t i v e  mass in c r e a s e s  le a d in g  to  a
s low er v a r i a t i o n  o f  e l e c t r o n  tem p era tu re  w ith  f i e l d  than  i n  th e  p a r a b o l i c
c a se ;  F ig . 9 .2 .  I t  shou ld  be n o te d  th a t  t h i s  e f f e c t  w i l l  be l a r g e r  in
sm a l le r  band gap m a te r ia l  and hence become more n o t i c e a b l e  w i th  i n c r e a s i n g
com position  in  the  q u a te rn a ry  be ing  a maximum in  Ga^ 4 y Ino 5 3 ^s * ^ as
(971been su g g e s te d  by Marsh^ t h a t  t h i s  may be r e s p o n s ib le  f o r  th e  o b se rved
NDM in  th e s e  m a t e r i a l s .
When e l e c t r o n s  have e n e rg ie s  equal to  th e  i n t e r v a l l e y  energy
d i f f e r e n c e  i n t e r v a l l e y  phonon s c a t t e r i n g  w i l l  t r a n s f e r  th e  e l e c t r o n s '
i n t o  th e  low es t  s u b s id ia r y  minima. The t r a n s f e r  o f  e l e c t r o n s  from
v a l l e y  to  v a l l e y  was e x p la in e d  by th e  th r e e  l e v e l  co nduc tion  band model
(98 99")o f  Hilsum and Rees * as th e  mechanism r e s p o n s ib le  f o r  NDM.
9 .3 .  High E l e c t r i c  F ie ld  P r o p e r t i e s  o f  th e  Q uate rna ry  A lloy
9 . 3 .1 .  I n t r o d u c t io n
The q u a te rn a ry  a l l o y  (G ain )(A sP )/InP  i s  n o t  o n ly  an a t t r a c t i v e
m a te r i a l  f o r  o p to e l e c t r o n ic  d ev ice s  b u t  i s  a l s o  c o n s id e re d  im p o r ta n t
f o r  h igh  f i e l d  d e v ic e s ;  s p e c i f i c a l l y  th e  f i e l d  e f f e c t  t r a n s i s t o r
(FET) . The perform ance o f  such a dev ice  depends on b o th  th e  low f i e l d
and h ig h  f i e l d  t r a n s p o r t  p r o p e r t i e s  o f  th e  m a te r ia l  and hence i t  i s
im p o r ta n t  to  u n d e rs ta n d  th e  s c a t t e r i n g  p ro c e s s e s  in v o lv e d ;  p a r t i c u l a r l y
a t  h igh  e l e c t r i c  f i e l d s .  The Monte C arlo  method i s  p a r t i c u l a r l y  w ell
s u i t e d  f o r  t h e o r e t i c a l  a n a l y s i s  o f  h igh  f i e l d  t r a n s p o r t .
The method was f i r s t  used  by K urosaw a^^"^  and l a t e r  ad ap ted  f o r
GaAs by Faw cett e t  a l ^ ^ .  I t  c o n s i s t s  o f  m odelling  th e  motion o f  th e
e l e c t r o n  as a s e r i e s  o f  f r e e  f l i g h t s  in  a c o n s ta n t  a p p l i e d  f i e l d ,
i n t e r r u p t e d  by c o l l i s i o n s  ( s c a t t e r i n g  ev e n ts )  t h a t  a r e  random e v e n ts
and a fu n c t io n  o f  the  c a r r i e r  energy .
L i t t l e j o h n  e t  a l ^ ^ ^  were the  f i r s t  to  s tu d y  th e  h ig h  f i e l d  e l e c t r i c a l
t r a n s p o r t  o f  th e  q u a te rn a ry  a l l o y  GalnAsP. The e f f e c t  o f  a l l o y  s c a t t e r i n g
(29)was l a t e r  in c lu d e d v . b u t  lack  o f  e x p e r im e n ta l ly  de te rm ined  m a te r i a l  
p a ram e te rs  meant t h a t  an i n t e r p o l a t i o n  p ro ced u re  had to  be used .  
U n fo r tu n a te ly ,  i t  i s  now known t h a t  many o f  th e  assum ptions  made, u s in g  th e  
i n t e r p o l a t i o n  p ro c e d u re ,  were wrong and th e  q u a te rn a ry  d id  n o t  p rove  as 
a t t r a c t i v e  as th ey  had p r e d ic t e d .  T h e i r  work d id ,  however, encourage  
w orkers  in  th e  f i e l d  to  in c lu d e  a l l o y  s c a t t e r i n g  in  t r a n s p o r t  a n a l y s i s .
Monte Carlo c a l c u l a t i o n s  made, by A d a m s , in c lu d in g  a l l o y  
s c a t t e r i n g ,  p r e d ic te d  t h a t  th e  te m p era tu re  dependence o f  th e  e l e c t r o n  
v e l o c i t y  a t  th r e s h o ld ,  f o r  m a te r i a l  w i th  a com position  v a lu e  o f  y = 0 .5 ,  
i s  one t h i r d  o f  i t s  v a lu e  in  GaAs i n d i c a t i n g  t h a t  q u a te rn a ry  m a te r ia l  
may f i n d  a use in  h igh  f i e l d  d ev ices  where te m p e ra tu re  s t a b i l i t y  i s  
r e q u i r e d .  The reduced  te m p era tu re  dependence was due to  the  weak energy  
dependence o f  a l l o y  s c a t t e r i n g .
R e la t iv e ly  few s tu d ie s  have been made o f  th e  e f f e c t s  o f  h ig h  e l e c t r i c
C72')
f i e l d s  in  th e  q u a r te r n a r y .  Marsh, Houston and Robson have r e p o r te d  
measurements up to  th e  t r a n s f e r r e d  e l e c t r o n  th r e s h o ld  o ver  th e  whole 
a l l o y  r a n g e ,  a t  room te m p e ra tu re ,  and t h e i r  r e s u l t s  show t h a t  th e  th r e s h o ld  
f i e l d ,  F^,, drops from l lk V c n r1 in  InP to  abou t 3kVcm-1 in  Ga^ 4 y ln0 5 3 ^ s *
The peak v e l o c i t y  drops from 2 .5  x 107cms-1 a t  y = 0 to  about 1 .5  x 107 
cms-1 in  th e  re g io n  y -  0 .85  a f t e r  which they  found a s te e p  in c r e a s e  to  
over  2 x 107cms-1 a t  y = 1. They found t h a t  b e s t  agreem ent w ith  th e  
observed  v a r i a t i o n  o f  F.p w ith  com position  cou ld  be o b ta in e d  u s in g  a
(951
r e l a t i v e l y  s im ple  model based on S t r a t t o n  th e o ry  ■ where th e  th r e s h o l d  
i s  c o n t r o l l e d  e n t i r e l y  by th e  breakdown o f  p o l a r  phonon s c a t t e r i n g  and 
I,p i s  r e l a t e d  to  th e  p ro d u c t  o f  ye and F^.
9 .3 .2 .  H ig h -F ie ld  Measurements a t  Room Tem perature
(72)H-shaped samples s i m i l a r  to  th o se  d e s c r ib e d  by Marsh e t  a l  were 
f a b r i c a t e d  u s in g  p h o to l i th o g r a p h ic  te c h n iq u e s  from m a te r i a l  c o n s i s t i n g  
o f  a s in g l e  l a y e r  o f  q u a te rn a ry  a l l o y  on s e m i - in s u l a t i n g  InP. The 
th ic k n e s s  o f  th e  l a y e r  was t y p i c a l l y  5ym and th e  f r e e  e l e c t r o n  c o n c e n t r a t i o n  
was in  th e  low 1016cm-3 range .
The c u r r e n t / E l e c t r i c  f i e l d  c h a r a c t e r i s t i c s  were found to  be a lm ost 
l i n e a r  up to  th e  th r e s h o ld  which was marked by an a b ru p t  i n c r e a s e  in  
c u r r e n t  caused by ava lanche  m u l t i p l i c a t i o n  w i th in  th e  h ig h  f i e l d  domain
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at room temp.Marsh et al (•) present work(4
th e  r e s u l t  o f  a h igh  f i e l d  measurement on a t y p i c a l  sample o f  y = 0 .5
i s  shown in  F ig .  9 .3 .  The r e s u l t  o f  measurements o f  w ith  th e
com position  range 0 .4  < y = 2.1x< 1 s u p p o r ts  th e  r e s u l t s  o b ta in e d  b y  
(72)Marsh e t  a l>  /  and a re  shown in  F ig . 9 .4 .
The d r i f t  v e l o c i t y  was o b ta in e d  by e q u a t in g  th e  g r a d ie n t  o f  th e
c u r r e n t / e l e c t r i c  f i e l d  c h a r a c t e r i s t i c  a t  th e  o r i g i n  w i th  th e  m o b i l i ty
o b ta in e d  from H all  measurementson samples t h a t  were produced from th e
same s l i c e .  The peak v e l o c i t y  measured a l s o  gave good agreem ent w i th
(72)th e  r e s u l t s  o f  Marsh e t  a l  ■ a l th o u g h  due to  la c k  o f  samples i t  was 
n o t  p o s s i b l e  to  confirm  th e  magnitude o f  th e  l a r g e  downward bowing c lo s e  
to  y = 1.
9 . 3 . 3 .  Tem perature Dependence o f  1^
Monte C arlo  computer c a l c u l a t i o n s  by Adams i n d i c a t e d  t h a t  th e
te m p e ra tu re  dependence o f  1^ in  th e  q u a te rn a ry  would be much weaker because  
th e  e l e c t r o n  v e l o c i t y  w i l l  be s t r o n g ly  in f lu e n c e d  by a l l o y  s c a t t e r i n g ,  
u n l ik e  GaAs in  which Irp i s  c o n t r o l l e d  by phonon s c a t t e r i n g  a lone  f o r  low 
c a r r i e r  c o n c e n t r a t io n  m a te r i a l .
Monte C arlo  c a l c u l a t i o n s  f o r  samples in  th e  m iddle o f  th e  a l l o y  range
1 ^*tp r e d i c t  t h a t  a r e l a t i v e  r a t e  o f  change o f  th r e s h o ld  c u r r e n t 1^ (3 0 0 )dl
would be ap p ro x im ate ly  -1- x 10" 3K- 1 , which i s  ab o u t one t h i r d  t h a t
measured in  G a A s ^ ^ ^ .
The f u l l  symbols in  F ig . 9 .5  show th e  measured v a r i a t i o n  o f  1^ f o r
s e v e ra l  q u a te rn a ry  samples,. The r e s u l t  f o r  each sample i s  p r e s e n te d
r e l a t i v e  to  th e  v a lu e  1^(300) a t  300K. The v a r i a t i o n  appears  to  be a
l i n e a r  fu n c t io n  o f  tem p era tu re  T. I t  can be seen  t h a t  th e  v a lu e  
d IT
(1 /1^ (300 ))  l i e s  in  th e  range - (1 .2  ± 0 .3 )  x 10~3K_1 f o r  a l l
samples s tu d ie d ,  which have y v a lu es  from 0 .4 3  to  0 .8 9 .  The broken  l i n e  
in  F ig .  9 .5  shows th e  te m p era tu re  dependence o f  a b o u t-1 x 10“ 3K-1 f o r  
th e  q u a te rn a ry  a l l o y  w ith  y = 0 .5 .
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For c o n t r a s t ,  ex p e r im en ta l  r e s u l t s  f o r  s e v e ra l  GaAs samples a re  a l s o
shown in  F ig . 9 .5  as open s y m b o l s . These r e s u l t s  were o b ta in e d
f o r  m a te r i a l  w ith  v a r io u s  c a r r i e r  c o n c e n t r a t io n s  in c lu d in g  one s i m i l a r
to  t h a t  in  th e  q u a te rn a ry  sam ples . The s o l i d  l i n e  th ro u g h  th e  GaAs
1104")d a ta  was d e r iv e d  from th e  Monte Carlo  c a l c u l a t i o n s  o f  Adams .. I t  i s  
c l e a r  th e  1^ has a much g r e a t e r  te m p era tu re  dependence in  GaAs than  • 
th e  q u a te rn a ry .
In  q u a te rn a ry  sam ples , as w ith  GaAs, . th e re  was a l a r g e r  s c a t t e r  in
th e  te m p e ra tu re  dependence o f  th e  th r e s h o l d  f i e l d  FT than  o f  th e  t h r e s h o ld
1 dFT
c u r r e n t .  The v a lu e  J 3 0 0 ) dT-  was deduced to  be (6 ± 3) x 10“lfK“ 1,
which i s  v e ry  s i m i l a r  to  t h a t  o f  GaAs w ith  a comparable c a r r i e r  c o n c e n t r a t i o n .
Although the  te m p era tu re  dependence o f  1^ and F^ , ag ree  w ith  th o se  
p r e d i c t e d  by Adams th e  a b s o lu te  v a lu e  o f  1^ and F^ , a r e  in  d isa g re e m e n t .
U n fo r tu n a te ly  th e  e f f e c t s  o f  h igh  e l e c t r i c  f i e l d s  in  th e  q u a te rn a ry  a r e  
s t i l l  n o t  f u l l y  u n d e rs to o d  b u t  i n d i c a t e  t h a t  a l l o y  s c a t t e r i n g  c o n t in u e s  
to  be e f f e c t i v e  a t  h igh  e l e c t r i c  f i e l d s  where th e  e l e c t r o n s  a r e  b e in g  
c o n s id e ra b ly  h e a te d .
CHAPTER 10
DISCUSSION
1 0 .1 . D iscu ss io n  o f  R e su l ts
The m o b i l i ty  o f  e l e c t r o n s  and h o le s  in  th e  q u a te rn a ry  a l l o y  
Ga^In^ xASyP^ has been in v e s t i g a t e d  e x p e r im e n ta l ly  f o r  th e  f u l l  
com position  range t h a t  can be l a t t i c e - m a t c h e d  to  InP s u b s t r a t e s .  Data 
have been o b ta in e d  f o r  th e  v a r i a t i o n  o f  m o b i l i ty  w ith  b o th  te m p e ra tu re  
and p r e s s u r e .  No s i g n i f i c a n t  dependence on th e  method o f  p r e p a r a t i o n  
has  been n o t i c e d .  The m o b i l i ty  o f  b o th  e l e c t r o n s  and h o le s  does n o t  v a ry
m o n o to n ica l ly  w ith  com position  b u t  p a s se s  th rough  a minimum. This
minimum i s  an i n t r i n s i c  p ro p e r ty  o f  th e  q u a te rn a ry  a l l o y .
The m o b i l i ty  d a ta  f o r  e l e c t r o n s  can be s a t i s f a c t o r i l y  i n t e r ­
p r e te d  by a com bination  o f  th r e e  s c a t t e r i n g  mechanisms: p o l a r  o p t i c a l  
phonon s c a t t e r i n g ,  a l l o y  s c a t t e r i n g  and io n iz e d  im p u r i ty  s c a t t e r i n g .  In
th e  case  o f  h o le s ,  a c o u s t i c  and n o n -p o la r  o p t i c a l  phonon s c a t t e r i n g
must a l s o  be c o n s id e re d .
A lloy  s c a t t e r i n g  o f  th e  f u n c t io n a l  form p roposed  by L i t t l e j o h n  
e t  a l  appea rs  s a t i s f a c t o r y  p ro v id ed  t h a t  th e  a l l o y  s c a t t e r i n g  p a ra m e te r  
AU i s  re g a rd e d  as an a d j u s t a b l e  p a ra m e te r ,  which v a r i e s  w ith  co m p o s i t io n ,  
d i f f e r e n t  f o r . e l e c t r o n s  and h o le s  b u t  i s  independen t o f  th e  dopant 
c o n c e n t r a t io n .  The p h y s ic a l  i n t e r p r e t a t i o n  o f  AU rem ains u n c l e a r .  I t  has  been 
su g g es ted  in  C hap ter  7 t h a t  th e  v a r i a t i o n  o f  AU as a f u n c t io n  o f  y can be 
d e r iv e d  by c o n s id e r in g  f l u c t u a t i o n s  in  band-gap ( f o r  AUe) and i o n i z a t i o n  
p o t e n t i a l  ( f o r  AU^) p ro v id in g  th e s e  v a lu e s  a r e  c a l c u l a t e d  f o r  b in a ry  compounds 
w ith  a h y p o th e t ic a l  l a t t i c e  pa ram e te r  equal to  t h a t  o f  InP . A f u r t h e r  
f e a t u r e  o f  th e  a l l o y  which may c o n t r i b u te  to  a l l o y  s c a t t e r i n g  i s  t h a t  th e  
d i f f e r e n c e s  in  s i z e  o f  th e  c o n s t i t u e n t  atoms im p l ie s  t h a t  th e  mean p o s i t i o n  
o f  each atom i s  i r r e g u l a r .
A lloy  s c a t t e r i n g  i s  a b s e n t  in  th e  b in a ry  compound InP which forms one
end o f  th e  com position  range  ( y = 0) and becomes r e l a t i v e l y  
un im p o rtan t  a t  th e  o th e r  end (y = 1 ) .  Although th e  v a lu e  o f  AU does n o t  
r e t u r n  to  zero a t  y = 1  th e  d e c re a se  i n  e f f e c t i v e  mass as  y approaches  1 
le a d s  to  a r e d u c t io n  in  th e  a l l o y  s c a t t e r i n g  r a t e .  The e l e c t r o n  m o b i l i ty  in  
th e  pu re  l a t t i c e - m a t c h e d  t e r n a r y  GaQ 4 yInQ 5 ^As i s  abou t 12,000 cm2V_1s _1 
a t  room te m p e ra tu re ,  some 50% g r e a t e r  than  in  GaAs. T h is  makes th e  t e r n a r y  
a l l o y  o f  p o t e n t i a l  i n t e r e s t  f o r  h igh  speed  o r  h igh  f req u en cy  d e v ic e s .
Because a l l o y  s c a t t e r i n g  in c r e a s e s  s t r o n g ly  w ith  i n c r e a s in g  e f f e c t i v e  
mass, i t  has more in f lu e n c e  on h o le  m o b i l i ty  th an  on e l e c t r o n  m o b i l i t y ,  
a l th o u g h  th e  AU v a lu es  a r e  lower f o r  h o le s  than  f o r  e l e c t r o n s .  The 
maximum h o le  m o b i l i ty  in  l a t t i c e - m a t c h e d  m a te r i a l  i s  a l s o  to  be found a t  th e  
t e r n a r y  end o f  th e  com position  range where i t  can re a c h  abou t 300 cm2V 1s " 1, 
a f ig u r e  o n ly  about tw o - th i rd s  o f  t h a t  in  pu re  GaAs.
Measurements o f  th e  a c t i v a t i o n  energy  (c^) o f  Mn i n d i c a t e  t h a t  i t  cou ld  
be used as an a l t e r n a t i v e  dopant to  t h a t  o f  Zn, p a r t i c u l a r l y  in  h ig h  y 
m a t e r i a l ,  where th e  a c t i v a t i o n  energy  i s  s m a l l e s t  and i s  o f  c o n s id e r a b le  
im portance  f o r  o p to e l e c t r o n i c  m a t e r i a l .
Although the  in f lu e n c e  o f  a l l o y  s c a t t e r i n g  i s  n o t  f u l l y  u n d e rs to o d  
a t  h igh  e l e c t r i c  f i e l d s ,  th e r e  be ing  a marked d i f f e r e n c e  between th e  
t h e o r e t i c a l  and e x p e r im e n ta l ly  measured v a lu es  o f  F^ , and 1^. The te m p e ra tu re  
dependence o f  Iy  appea rs  to  be much s m a l le r  in  th e  a l l o y ,  as  p r e d i c t e d  by 
th e o ry ,  making th e  m a te r ia l  a p o t e n t i a l  c a n d id a te  f o r  h ig h  f i e l d  d e v ic e s  
where te m p era tu re  s t a b i l i t y  i s  r e q u i r e d .
1 0 .2 .  F u ture  Work
I t  i s  c l e a r  in  t h i s  t h e s i s ,  a l th o u g h  i t  has on ly  been t a lk e d  a b o u t 
b r i e f l y ,  t h a t  th e  h igh  f i e l d  t r a n s p o r t  p r o p e r t i e s  o f  th e  q u a te r n a r y  a l l o y  
a re  n o t  w ell  u n d e rs to o d ,  th e r e  be ing  a marked d i f f e r e n c e  between th e  
t h e o r e t i c a l  and e x p e r im en ta l  v a lu e s  o f  FT and 1^. The marked d i f f e r e n c e
i n d i c a t e s  t h a t  t h i s  a r e a  i s  a w a i t in g  a d e t a i l e d  a n a ly s i s  in  o r d e r  to
de te rm ine  th e  r o l e  o f  a l l o y  s c a t t e r i n g  a t  h igh  e l e c t r i c  f i e l d s .
One would a l s o  l i k e  to  see  a more d e t a i l e d  a n a l y s i s  o f  th e  o r i g i n  o f
th e  a l l o y  s c a t t e r i n g  p o t e n t i a l .  This  would r e q u i r e  i n v e s t i g a t i o n  o f
a n o th e r  q u a te rn a ry  system .
With th e  knowledge m a te r i a l  growers now have in  t h i s  system  i t  would
p ro b ab ly  be e a s i e s t  to  ex tend  to  (Gain)(AsP)/GaAs however u n t i l  t h i s  i s
c o n s id e re d  com m ercially  i n t e r e s t i n g  i t  i s  h a rd  to  see  i t  becoming
a v a i l a b l e  in  th e  n e a r  f u tu r e .  The a l l o y  system  Ga Al, As Sb. o rx 1 -x  y 1-y
Ga^In-^^ASySbj may soon become a v a i l a b l e  i f  th e y  iare c o n s id e re d  s u i t a b l e  
f o r  f u tu r e  o p to e l e c t r o n i c  d ev ice s  and th e s e  a l l o y s  would be e q u a l ly  w ell  
s u i t e d  to  t e s t  th e  assum ption  and models used in  t h i s  t h e s i s .
1 0 .3 .  C onclusion
In t h i s  t h e s i s  i t  can be seen  t h a t  a g r e a t  deal o f  in fo rm a t io n  a b o u t
the  low f i e l d  m o b i l i ty  o f  e l e c t r o n s  and h o le s  has been o b ta in e d  as  a
fu n c t io n  o f  te m p e ra tu re  and p r e s s u r e .  However, i t  i s  d i f f i c u l t  to  draw 
f irm  c o n c lu s io n s  abou t th e  t r a n s p o r t  p r o p e r t i e s  in  a l lo y s  by c o n s id e r in g  
one system  a lo n e .  H o p efu lly  new a l lo y s  w i l l  become a v a i l a b l e  in  th e  f u tu r e  
so as many o f  th e  c a l c u l a t i o n s  and assum ptions  made h e re  can be t e s t e d .  
U n fo r tu n a te ly  t h i s  does n o t  ap p ea r  p o s s i b l e  u n t i l  a new a l l o y  becomes 
com m ercially  i n t e r e s t i n g  and hence a v a i l a b l e .
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APPENDIX A 
The c o m p r e s s ib i l i t y ,  k ,  i s  d e f in e d  as
-  k
where V i s  the  volume o f  m a t e r i a l .
I f  we assume t h a t  we have a cube o f  m a te r i a l  whose s id e s  a re  o f
le n g th  nd , where n i s  a l a rg e  number and d i s  th e  n e a r e s t  ne ig h b o u r
d is t a n c e  then  V = ( n d ) 3. S u b s t i t u t i n g  i n t o  e q u a t io n  (A .l)  we o b ta in
dd -kd  ■ f
3 p =  3 -  (A .2)
f o r  th e  r a t e  o f  change o f  n e a r e s t  n e ighbour  d i s ta n c e  w ith  p r e s s u r e .
dE ,
TO DETERMINE -  ------------------------- dP
E d - 2«75*o ,h  = 4 . 1 ( - ^ - )  (A. 3)
Si
d i f f e r e n t i a t i n g  (A .3) w . r . t .  P
dE0 h d ~3 • 75 d (d/ dSi)- 2A =  - 11.27s (-A-) - g - i i  (A.4)
Si
dg^ i s  th e  n e a r e s t  ne ighbour  d i s ta n c e  in  S i l i c o n  and indep en d en t o f
p r e s s u r e .  S u b s t i t u t i n g  (A .2) (A.4) we o b ta in
— ^  = 3 . 758k ( ^ - ) " 2 ,7 5  (A,5)
dAE
TO DETERMINE °dP
The d -co re  c o r r e c t io n  term t h a t  i s  dependent on th e  n . n . d  AEq i s  d e f in e d  
as:
d -5.07 
AEo ,h  " 12 ,8  C7T_}Si
d i f f e r e n t i a t i n g  (A.6) w . r . t .  P
(A .6)
dAEo ,h  „„ , d , - 6 - ° 7 d (d /d Si)
dP ~ 64.896 )
S i dP
(A. 7)
s u b s t i t u t i n g ( A .2 )  (A .7) we o b ta in
dAE
dP
o h  d —5.07
^  = 21.63k ( -p - )
Si
(A. 8)
TO DETERMINE
cICDav- 1)
dP
E quation  4 .14  d e f in e s  (D^y-1) as
( dav- i ) = ra d - f /  ( / - ) Y
Si
(A. 9)
d i f f e r e n t i a t i n g  (A.9) w . r . t .  P
d(DAV- i )
dP = R, (A. 10)
Because o f  th e  com plex ity  o f  e q u a t io n  (A.10) th e  two terms s e p a r a t e d  by
the  a d d i t io n  s ig n  w i l l  be t r e a t e d  in d e p e n d e n tly  f o r  conven ience .
X d f— ) YD i f f e r e n t i a t i n g  f i r s t  term RA( l - f . ) ds i  w . r . t .  P we o b ta in
-R4d - £ . ) x y  (A -)Y  |
dP
dSi
(A. 11)
s u b s t i t u t i n g  (A .9) ->■ (A .11)
.  (i, . j )
3 AV J
D i f f e r e n t i a t i n g  th e  second term in  (A .10) w . r . t .  P we o b ta in
i v Y i d ( - f . )
ra c^-> x  ( i - f p  1
S i 
-C2b u t  - f ^  = i  2+cz  anc* d i f f e r e n t i a t i n g  - f .  w . r . t .  P. e q u a t io n  (A. 13)
o ,h 1
becomes
dP
(A .12)
(A .13)
dE , j -2 .7 5
b u t — = 3 .7 5 8 (^ —-) t h e r e f o r e  combining (A. 12) and (A. 14) to
Si
o b ta in  th e  p r e s s u r e  dependence o f  ( D ^ - l )
1 AV J , ,7 .156  X C 2 , d , ' 2 - 75 Y ,  , ,  , r ,
 d p "  =  k  AV  ^ ( --------------  “  ( d -  ^ -  ?  )  • ( A .  I S )
CEn . 2 +C2) E , S i 3o ,h  J o ,h
The change o f  Eq AEQ and ( D ^ - l )  w .r . t .R ,  a re  g iven  by e q u a t io n s  (A .5) 
(A .8) and (A.15) r e s p e c t i v e l y .
APPENDIX B
The number o f  h o le s  in  th e  v a len ce  band may be w r i t t e n  a s :
P ■ Nv  Fj
EV-EP
V ( B . l )
where Fi i s  a Fermi-Divac i n t e g r a l  g iven  by
2 oo i
• p  -  2  r
i  T  l+exp(*T -n")
E -E Ev -Ep
where 0'' = ^ and x\' = ~y' t ~  * tEe d e n s i ty  o f  s t a t e s  i n  th e
" B
va len ce  band g iven by
Nv  -  2
2m"dkBT
h 2
3 /:
where
2/
and Ey and Ep a re  th e  e n e rg ie s  o f  th e  va len ce  band edge and th e  Fermi l e v e l ,  
r e s p e c t i v e l y .  When p << Ny e q u a t io n  (B . l )  i s  approxim ated  by
p = Ny exp EV_EFkBT
I f  an a c c e p to r  im p u r i ty  o f  d e n s i ty  g ives  r i s e  to  l e v e l s  above E y,  
th e  h o le s  w i l l  be d i s t r i b u t e d  between th e  v a len ce  band and th e  l e v e l .  The 
number o f  h o le s  occupying th e  im p u r i ty  l e v e l ,  n , i s  g iven  by Ferm i-D ivac
cl
s t a t i s t i c s  as
n = a
na
1 + 1
g
exp r v EAi
kBT
where g i s  th e  degeneracy  o f  th e  le v e l  and E^ i s  i t s  energy  i . e .  E^ = Ey+ea*
where e i s  th e  a c t i v a t i o n  energy , a
The h o le s  in  the  va len ce  band and th o se  o f  im p u r i ty  s i t e s  must have
come from and th u s :
T h ere fo re
p -  na - p a =
1+g exp W
kBT
Most p - ty p e  sem iconductors  a l s o  c o n ta in  a number o f  donor im p u r i t i e s  
Np. I f  N ^»N p, th e  a c c e p to r s  w i l l  be compensated by h o le s  from 
and th e r e f o r e
P + nd = na-  Pa =
1+g exp ea- e f
kBT
R earrang ing
g (p + Nd) = (Na -  Nd - p) exp - V efV
and hence (p + nd) 1 .
= -  exp [Ep - Ey -  eA]
(na- nd- p 3 s
Ep"Ec pi f  p << N exp —r- 7p -  -  rr~ and th e r e f o r e
B V
p(p+ND) Nv - e A 
(NA-N -p) = g exp kBT
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